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When water supplies are limited or irrigation costs are high, partial irrigation is an 
appropriate way to maximize profits or stabilize yield. Where partial irrigation strategies 
are used with furrow irrigation methods, yield reduction will be most significant at the tail 
ends of the furrows where soil moisture deficits accumulate as the season progress. 
Furthermore, if there is no leaching at the ends of the furrows, salinity problems can be 
aggravated. This thesis is an analysis of partial irrigation in furrows with low to moderate 
salinity water in Malheur County, Oregon. 
In order to estimate yields under furrow irrigation for different quality and quantity 
of applied water, two different models were combined. The first model, a model of furrow 
hydraulics developed by Strelkoff (1991), simulates water distribution in the soil profile 
along a furrow. The second model, developed by Letey and Dinar (1986), computes 
resulting yield based on water availability and salinity concentration in the root zone. In 
Redacted for Privacythe second model, three relationships are combined to develop an equation which relates 
yield to the amount of a seasonal applied water of a given salinity. These are (1) yield 
versus evapotranspiration (ET), (2) yield versus average root zone salinity (ECe), and (3) 
average root zone salinity versus leaching fraction. A linear relationship between yield and 
ET was assumed. The piece-wise linear relationship, proposed by Maas and Hoffman 
(1977), was used to relate yield to ECe in the model. A theoretical relationship between 
EC, and leaching fraction based on steady-state assumption, proposed by Hoffman and 
van Genuchten (1983), was included in the model. These relationships were combined in 
the model to compute yield, leaching, and ECe for given quantities of seasonal applied 
water with a given salinity under furrow irrigation. The available water includes quantities 
of water applied before planting but excludes runoff 
These two models were combined in an algorithm to estimate yields under deficit 
irrigation for furrow irrigated fields in Malheur County, eastern Oregon. Calibration of the 
hydraulic model was accomplished by using local data. There were no useable field data to 
use for calibrating the yield model under Malheur County conditions, so model parameters 
suggested by Letey and Dinar were tested with data from Stewart (1996). 
The resulting algorithm was then used to simulate different salinity and various 
applied water conditions under furrow irrigated lands. The analysis was done for two 
levels of irrigation water salinity, 0.5 dS/m and 2.0 dS/m. The analysis was also extended 
to include the salts added with fertilizers. The results indicated that required irrigation 
water, including crop water requirements and recommended leaching  fraction, could be 
reduced as much as 25% before an undesirable yield reduction starts for irrigation water 
with low salinity (EC; of 0.5 dS/m). When irrigating with moderately saline water (EC; of 2.0 dS/m), a 30% reduction of applied water would result in yield reduction of not more 
than 5% for moderate salt sensitive crops and about 10% for onoions, salt sensitive crops. 
Application of fertilizers caused some degree of increases in electrical conductivity of soil 
saturation extract; however, this increment did not effect the yield dramatically. Estimation of True Leaching Requirement and Resulting Yield 
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1. INTRODUCTION 
Deficit irrigation, or partial irrigation, is the practice of deliberately underirrigating 
a crop. This practice can be a useful management technique for increasing net farm income 
under some circumstances. Although yields will be reduced under partial irrigation, the 
reduction in required irrigation water and the resulting reduction in irrigation costs may 
more than compensate for the lower yields (English and Nakamura, 1987). This is because 
the marginal income from the last increment of feasible yield produced by full irrigation 
will generally be less than the last increment of production costs (English and Nuss, 1981). 
Moreover, when capital, energy, labor or other necessary resources are limited the 
opportunity cost of water may be even greater than production costs, in which case partial 
irrigation will be even more profitable (English, et al., 1990). 
Deficit irrigation will generally cause yield reductions. Under furrow irrigation 
methods, the tail end of the furrows are affected more than the heads of the furrows, and 
therefore, the yield decrement will be more significant at the tail end of the field. In 
addition to soil moisture deficits, problems due to salinity can be aggravated where applied 
water falls below the crop water requirement. When partial irrigation methods are 
practiced, there may be no leaching provided at the end of the furrow; therefore salt 
accumulation due to water deficit is inescapable, with potential further yield reductions. 
This study investigates potential yield losses resulting from partial irrigation in conjunction 
with furrow irrigation. For purposes of predicting and evaluating the effects of various 2 
furrow irrigation management practices, it is first necessary to determine water infiltration 
distribution along the field. A computer program, SRFR, was used for simulating flow and 
infiltration along a furrow. The program was developed by Strelkoff (1991) at the U.S. 
Water Conservation Laboratory. In SRFR, simulations are conducted based on various 
parameters, such as physical parameters (furrow shape and furrow intake) or management 
variables (inflow rate and duration of inflow) (Mittelstadt, 1995). 
In order to compute yields based on available water and salt concentration in the 
soil profile along the length of the furrow, a production function model developed by 
Letey and Dinar (1986) was used. The production function model was based upon three 
component models; (1) yield versus evapotranspiration, (2) yield versus mean root zone 
salinity, and (3) mean root zone salinity versus leaching fraction. These relationships are 
used to develope an equation that links yield to the amount of seasonal applied water of a 
given salinity. A linear relationship between yield and evapotranspiration was used in the 
model (Letey, 1991). The piece-wise linear relationship proposed by Maas and Hoffman 
(1977) was used to relate yield to average root zone salinity. A theoretical model 
proposed by Hoffman and van Genuchten (1983) relating average root zone salinity and 
leaching fraction, based on a steady-state assumption, was combined with the other two 
models to compute the spatial distribution of yield, leaching volume and salt concentration 
in the root zone for a given amount of seasonal applied water and a given salinity under 
furrow irrigation methods. The seasonal applied water includes irrigation water, preseason 
soil moisture and rainfall. Key assumptions in the model development are (1) the ET 
deficit caused by low soil moisture conditions and the ET deficit produced by salt related 
stress have the same effect on yields, (2) steady-state levels of salinity are good indicators 3 
of salinity stress in the plant, (3) the soil-plant system can adjust to salinity which reduces 
yield, and consequently ET, and (4) at one point, the plant ET, leaching fraction and soil 
salinity are mutually consistent to each other. 
The combined model was calibrated and tested for corn using data provided by 
Stewart et al. (1977), also personal communications (Stewart, 1996). 
In order to evaluate salt and water effects on row crops, corn and onions were 
chosen as study crops. Crops data are based on Malheur County conditions. The county is 
located in eastern Oregon and contains approximately 90 000 ha of productive farmland. 
Furrow irrigation is currently the major method of irrigating row crops in this area. 
Electrical conductivity of irrigation water in the region is usually less than 0.5 dS/m for 
fresh water delivered directly from the natural source, and less than 2.0 dS/m for return 
flows captured and reused from surface drain. To predict salinity's influence on yield with 
actual situations, the two extremes were selected; EC of 0.5 dS/m representing normal 
conditions as low salinity of applied water and EC of 2.0 dS/m representing moderately 
saline irrigation water. 
The analysis is considered valid for only a single season of deficit irrigation. A 
deficit irrigation approach might be used for single season in occasional drought years or 
when there is an under estimation of crop water requirements, or when supplies are traded 
between fields for the benefit of higher valued crops. It was assumed that even those 
portions of the field that are underirrigated will be flushed with leaching water in some 
years. The issue of long term accumulation of salts and toxic elements due to consistent 
underirrigation (Grattan, 1994) was not addressed. 4 
2.  OBJECTIVES
 
A primarily objective of this thesis was to evaluate furrow irrigation strategies 
involving partial irrigation at the tail end of the furrow. Specific objective of the thesis are; 
1.	  To develop an algorithm for estimating crop yields under saline conditions 
when no leaching occurs during a single season, 
2.	  To use that algorithm in combination with a model of water distribution in 
a furrow to evaluate crop yields over the length of a furrow when deficits 
are allowed to accumulate at the tail end of a furrow, 
3.	  To use the combined model to evaluate deficit irrigation strategies for 
minimizing deep percolation and runoff by deliberate under-irrigation of 
the tail ends of furrows. 5 
3.  LITERATURE REVIEW 
3.1  Crop, Water and Salt Relationships 
3.1.1  Crop Response to Water and Salinity 
More often than not, the salt concentration of an irrigated soil increases with time. 
However, a soil is not considered saline until the salinity passes the level where plant 
growth begins to decline (Grattan, 1993). Salinity may directly affect the crop by causing 
specific-ion toxicities or reducing consumptive use though osmotic influences or indirectly 
by changing the physiomechanical properties of the soil (Keren, 1984). 
Osmotic potentials have more influence on crop growth than the other factors. The 
dominant force for water flow from soil to plant root cells is water potential difference 
(Champbell and Turner, 1990). While the solute concentration of the soil increases, the 
osmotic potential difference between soil water and root cells decreases. In spite of the 
water availability in the root zone, the plant can not extract soil water easily due to high 
salt concentration. Thus, plant roots need more energy, which would otherwise be used 
for plant growth, to extract water. As a result, high salt concentration of the soil water 
causes less plant growth and therefore less yield (Grattan, 1993). 
Naturally, some plants can tolerate higher salt concentrations than others. Besides 
plant species, salt tolerance of a crop differs from one plant growing period to another. 
Many crops, such as cotton, tomato, corn or wheat, are more sensitive to salt during their 
early vegetative seasons. Pasternak et al. (1986), for example, found that when tomatoes 6 
were irrigated with saline water with an EC of 7.5 dS/m, total yield was reduced by 60% 
relative to the control. However, when application of saline water started at appearance of 
the fourth leaf, the same water salinity reduced the yield only about 30%. Similar results 
were found by Mizrahi et al. (1988), who showed that salinity improved flavor and 
increased sugar concentration on tomatoes but reduced yield and fruit size. However, last 
stage irrigation with saline water did not effect yield. 
3.1.2  Water Quality and Leaching Requirements 
Every type of soil contains a mixture of salts either imported by irrigation or 
derived from the soil by weathering or dissolution. However, irrigation water which 
contains soluble salts is the main contributor to root zone salinity unless a saline shallow 
water table is present. These salts are concentrated in the soil solution as a result of 
evaporation and transpiration. Over time, the amount of salt accumulated in the root zone 
reaches a level at which crops no longer sustain economical yield (Bernstein, 1975). 
Leaching is used to prevent the build-up of salinity beyond the level the crop can tolerate. 
The term "Leaching Fraction" (LF) of water is expressed as the ratio of that water that 
infiltrates into the soil profile and passes beyond the root zone divided by the total 
infiltration. 
Under normal circumstances in a soil profile, the salt balance consists of inflow and 
outflow of salts. This relationship can be based upon a one-dimensional steady-state mass 
balance assumption and expressed as; AS = Qr EC, + Qg ECg + Qi EC; + Sm + Sf Qd ECd - Sp  Sc = 0 
where Q is the quantity of water; EC is the salt concentration and the subscripts r, 
g, i, and d represent rain, ground water movement to the upper part of the soil,  irrigation 
and drainage respectively; Sm, Sp, Se, and Sf are the quantity of dissolved salt from soil 
minerals, the salt precipitated, the amount of salt removed by the crop and the amount of 
salt imported as fertilizer respectively (Hoffman et al., 1990). 
Although some salts are removed by the crops, this removal is not sufficient to 
maintain a salt balance at a desirable level. If alfalfa, as an example, were grown in a field 
with applied water of 2000 mm, salinity of 1 dS/m and maximum annual yield of 20 
Mg/ha, the crop would remove only 6% of stored salt in the root zone during the season 
(Oster, 1994). Therefore, the increase in salinity resulting from evapotranspiration is 
unavoidable if appropriate soil leaching is not provided (Ben-Asher, 1994). 
A critical assumption that is commonly made is that no net change in the amount of 
soluble salt occurs either by precipitation, dissolution of soil minerals, or uptake by crops. 
Besides that, for steady-state conditions (AS = 0), rainfall and ground water movement to 
the upper layers would not occur; Therefore, Qg and Qr equals zero, and Sm + Sf  Sp  Sc 
are assumed to be zero. Then the equation (1) can be rewritten; 
Qi EC, Qd ECd = 0  (2) 
or 
LF = Qi / Qd = ECd / ECi  (3) 8 
where LF = Leaching Fraction 
Qi = quantity of irrigation water 
Qd = quantity of drainage water 
ECi= electrical conductivity of irrigation water 
ECd= electrical conductivity of drainage water 
In fact, the required leaching might be achieved naturally. In humid regions, winter 
rainfall is often sufficient to wash salt from the profile, though in semiarid climates some 
amount of leaching water should be added to irrigation to eliminate the salt hazard (Letey 
et al., 1985). Depending on the conditions, leaching may be applied periodically i.e. with 
each irrigation or whenever salt accumulation exceeds toxic levels. Frequently, small 
leachings are more effective in removing salts than infrequent, larger leachings (Biggar and 
Nielsen, 1962). 
The question of how much leaching water should be added to irrigation water 
depends on the salt concentration of applied water and the salt tolerance of the crop 
(Ayers and Westcot, 1985). In order to estimate leaching requirement (LR) for a crop, it 
should be understood that crop response changes as salt built-up changes throughout the 
profile. Many experiments have showed that the concentration of the salt increases as the 
depth of the soil increases. More explanation can be found about this subject in chapter 
3.4. 
Bernstein and Francois (1973) proposed that under steady-state conditions, LR 
can be reduced to one-fourth the previous recommendations  without causing yield 
reduction. Their study, based on lysimeter experiments, proved that since less root activity 9 
occurs at the lower depths, high salinity in the lower root zone has relatively little effect on 
yield. In other words, as long as the crop obtains required water from the upper soil layer, 
high salt concentrations will not effect crop growth. In further experiments, for instance, 
using as little as 5% leaching (Hoffman et al., 1984) or no leaching (Francois, 1981), it 
was shown that at relatively deep root depths salt can be stored at the bottom of the root 
zone while full yields are maintained. Therefore, leaching can be delayed or be done 
intermittently. By this strategy, the amount of salt flushed per unit volume of drainage 
water increases (Meiri, 1984). 
3.1.3  Crop Salt Tolerance 
Plant species and rootstocks are not the only component to effect salt tolerance of 
a crop. For many plants, soil, water and environmental factors influence the  sensitivity of 
the crop to salinity. Three different criteria can be considered in evaluating plant tolerance 
(Maas, 1986); 
i. the plant surviveability on saline soils, 
ii. the absolute plant growth or yield, 
iii. the relative plant growth or yield in comparison with non-saline condition. 
Generally, the relative yield-salinity relationship  is the most useful for agricultural 
purposes. 
Two essential parameters are needed for expressing salt tolerance; the threshold 
value (C) for a crop and the slope (B). The threshold value represents the maximum 
allowable salinity without yield reduction, while the slope represents percent yield 10 
decrease per unit salinity beyond the threshold salinity (Maas and Hoffman,  1977). Maas 
and Hoffman (1977) and Maas (1990) reported crop salt-tolerance data for as many as 69 
crops in terms of the electrical conductivity of saturated soil water extracts (ECe). It is 
important to understand that the back of the data interpreted by Maas and Hoffman were 
not representative of usual field conditions in which root zone salinity increases from the 
salinity of applied water to much higher levels as soil water is extracted by the plant. The 
Maas & Hoffman data generally represent frequent irrigation with high leaching fraction 
(0.50) in order to maintain a relatively constant level of salinity in the root zone. 
Ymax 
Yield 
0 
0 C 
Concentration of Soil Extraction (ECe ) 
Figure 3.1  Relationship between salt concentration of soil saturation extract (ECe) and 
relative yield (RY) (after Maas and Hoffman,  1977). 
Relative Yield (RY) can be calculated using these parameters for any given crop; 
RY = 100 - B (ECe C)  (4) 11 
where 
RY = yield production relative to maximum yield under non-saline conditions 
C = the salinity threshold 
B = slope 
3.1.4 Boron Built-up in the Profile 
Under irrigation treatments, Sodium Chloride (NaC1) is not the only chemical to 
accumulate in the profile. Some other trace elements such as Boron built-up in the soil. 
Most of the normal growth of plants require seven essential micronutritients in the 
soil solution, and Boron is one of them. In spite of this fact that, even a small excess of 
Boron in the soil concentration may cause plant injury. Frequently, Boron concentration 
exceeds toxicity levels in arid and semiarid regions due to irrigation using water with high 
Boron concentration. In humid regions, however, Boron deficiency occurs and may cause 
negative effects on plant growth (Keren, 1984). 
The experiments of Ayars, et al. (1993) under drip and furrow treatments and 
Shennan, et al. (1995) showed that Boron concentration increased throughout the profile, 
particularly at the lower part of the root zone (60-140 cm), due to using saline irrigation 
water. The same experiments proved that Boron level in tomato leaves and tissue 
increased over season. When the concentration surpassed 1 mgB/L in irrigation water, 
Boron accumulation starts in the crop depending upon plant species and rootstocks. 
Besides the effect of Boron on plants, another essential issue is that once Boron is stored 
in the profile, more water is required to remove it than to leach salts (Ayars et al., 1993) 12 
3.2.  Crop-Water Production Functions 
A considerable amount of work has been done on the response of agricultural 
crops  to  non-saline  water.  Water  production  functions  relate  crop  yield  to 
evapotranspiration or to total water supply including irrigation water, rainfall, and initial 
soil moisture stored in the root zone before planting. However, in general these most such 
empirical production functions do not account for negative effects of soil salinization 
resulting from irrigation with saline water. Production functions, which relate yield to the 
both the quantity and quality of applied water would be very beneficial in the study and 
evaluation of water management practices wherever salinity  is a potential problem 
(Solomon, 1985). 
In general, two approaches have been used to estimate crop-water production 
functions. The first approach estimates production functions based on statistical analysis of 
observations for different levels of crop yield, water applications, soil salinity, and other 
variables. The second approach synthesizes production functions from theoretical and 
empirical models of individual components of the crop-water process (Letey, 1991). This 
study will consider the second approach. The advantage of the second approach is that it 
makes possible to utilize experimentally derived relationships under conditions different 
from those of the original experiments. 
There are two ways to compute crop-water production functions. The first way is 
to develop a suitable production function from long term field experiments. A number of 
researchers have experimentally determined crop-water productions for various crops, 
including, for example Stewart et al. (1977) for corn and alfalfa, Hoffman et al. (1979) for 13 
wheat, sorghum and lettuce, Jobes et al. (1981) for oat, tomato, and cauliflower, Hanks 
(1982) for sugarbeet, Hoffman and Jobes (1983) for barley, cowpea, and celery, and 
Hoffman et al. (1983) for tall fescue. These field experiments and many others are 
important to provide a valuable data base for establishing a relationship between crop yield 
and the amount of applied water for different crops, soil and climate conditions, irrigation 
practices, and irrigation water qualities. However, they are expensive, site specific and 
time consuming. For simulating the effects of proposed alternative management schemes, 
computer models would be useful. 
3.3 Computer Models 
Computer simulation models are another way to adapt experimentally determined 
crop-water production functions to account for new circumstances and/or alternative 
management and decision making strategies. These models require calibration with 
experimental data. A computer model allows use of different combinations of existing field 
conditions such as soil, climate, and water to provide a quick and reasonably accurate 
estimate of crop growth, water balance and salt balance (Majeed et al., 1994). 
3.4 General Water Uptake Functions 
A large number of factors affect salinity built-up in a soil profile. The quantity and 
distribution of salts in the root zone depends on the amount and quality of the irrigation 
water applied and on the pattern of water extraction (Solomon, 1985) as well as irrigation 14 
timing, climatic, crop and soil factors (Hanks, 1984). A variety of empirical models of the 
pattern of soil water extraction have been proposed. Researchers have then evaluated the 
relationship between soil salinity patterns and crop yields. Other models have been 
developed to estimate salt built-up patterns throughout the root zone. 
Three different water uptake patterns have been evaluated by Hoffman and van 
Genuchten (1983) to estimate water uptake by plant roots. The first mathematical uptake 
function, which is an exponential water uptake function, was proposed by Raats (1974). A 
second function was a trapezoidal uptake function developed by Gardner (1983). The 
third function which assumes that water uptake from the root zone is aportioned as 40 -30­
20 and 10 percent of transpiration rate in the first, second, third and fourth quarters of the 
depth, respectively. Hoffman and van Genuchten (1983) evaluated all three water uptake 
functions and derived theoretical root zone salt concentration patterns according to these 
three uptake patterns. The mathematical basis for the functions can be discussed as 
follows: 
A mathematical equation which defines  the  continuity equation for one-
dimensional vertical flow of the water through soil, proposed by Gardner (1967) and 
extended by Raats (1974), can be expressed as 
a0 /0t--aq/az-X,  (5) 
where 0 = the volumetric water constant of the soil 
t = time 15 
q = the volumetric flux density of water 
z = the vertical coordinate that increases positively downward and has its origin at 
the soil surface 
X = the rate of water uptake by plant roots or surface evaporation per volume of 
soil, per unit time. 
For steady flow N / at = 0 and then equation (5) becomes 
dq / dz  -X  (6) 
when chemical precipitation, dissolution, diffusion, and dispersion are disregarded, the 
steady-state mass balance for salt can be written 
d (qC) I dz  (7) 
where C is salt concentration. By integrating equation (7) at z = 0, the salt flux is equal to 
q,C, and results in 
q/qi=Ci/C  (8) 
where q, and C, are then quantity and salt concentration of irrigation water respectively. 
Evaluation of equation (8) at the bottom of the root zone ( q = qd; C = Cd) gives 
leaching fraction (LF) definition (equation 3). This showes that the LF is based on steady-
state mass balance considerations. Substituting equation (6) and (8) into equation (7), the 16 
rate of water uptake by plant roots (X) becomes 
X =  qi  d(Cl) / dz  (9) 
where C' is the inverse of the concentration or alternatively the dilution. 
Equation (9) shows that the water uptake rate may be calculated as the result of qi Ci and 
the negative slope of the dilution profile, d(C') / dz. When equation (9) is integrated the 
boundary of z = 0 and arbitrary depth z within the soil root zone gives the cumulative 
water uptake (w) between the soil surface and z, and can be expressed as 
w(z)=1 Xdz=qi(1-Ci/C)  (10) 
0 
w becomes equal to the transpiration rate (7) and C equals Cd at the bottom of the root 
zone (z = Z). Then equation (10) can be rewritten as 
T= q; (1 -L)  (11) 
The water uptake function (X) can be calculated from a measured steady-state salt 
profile using equation (9) for the three different approaches. 
For the exponential uptake function, the water uptake function can be expressed as 17 
= (T/ 5) eez/6)  (12) 
where 6 is an empirical constant. 
For the trapezoidal uptake function, X. can be written 
2T I Z  0  5 x <0 .2 
= 2T (4 - 5x) / 3Z  0.2  x < 0.8  (13) 
0  x<1 
For the 40-30-20-10 water uptake function, X, becomes 
X, = (T/ 5Z) (9 - 8x)  (14) 
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Figure 3.2  Water uptake patterns as predicted by three models  relative to an uptake 
rate uniform throughout the rooting depth (after Hoffman and van Genuchten, 1983). 18 
Three water uptake functions can be seen graphically in figure 3.2. Based on these 
three uptake functions, salt concentration distribution equations were developed. By 
substituting equation (12) into equation (10) and using equation (11), salt concentration 
distribution equation can be written for exponential uptake function 
C / C, = [ LF + (1  LF) e(-z/6)  (15) 
Similarly, same procedure can be followed for trapezoidal uptake function 
[1  2(1  LF)  0  x < 0.2 
C / C, = [1 - (1- LF) (40x  25x2 - 1) / 15]-1  0.2  x < 0.8  (16) 
LF-1  0.8  x < 1 
For 40-30-20-10 water uptake pattern, salt concentration distribution will be 
C / C, = [1 -(1 - LF) ( 9x - 4x2)  5]-1  (17) 
According to Hoffman and van Genuchten, the average salt concentration can be 
calculated in at least two possible ways: 
i.  Linearly averaged salt concentration 
C=1/2ICdz  (18) 
where  z = depth of root zone 19 
ii. Weighted average salt concentration 
c=1/pfxc dz  (19) 
where  f3=fXdz 
X = uptake rate at depth z 
The study of Hoffman and van Genuchten found that a linear average root zone 
salinity gives a more accurate prediction of the effects salt concentration than the weighted 
average does. Thus, they recommended using the exponential model to estimate the linear 
averaged root zone salinity function. 
For the trapezoidal uptake pattern,  linerly avaraged root-zone salt concentration 
can be estimated as follows. 
C* /  = (1 / 5 LF)  [1 / (2 - 2LF) ] ln (0.6 + 0.4 LF) + (1 / a) tadi 03)  (20) 
a = [ 5 LF (1 - LF) / 3  ]0.5 
= [ 3 (1 -LF)/ 5 LF ]°5 
For the 40-30-20-10 uptake pattern, linerly avaraged root-zone salt concentration 
can be derived as: 
C* /  = [ 10 a / (1 - LF) ] [ tan-1(9a) - tan-1(a)  (21) 
a = [ (1 - LF) / (81 LF - 1) 1" 20 
For the exponential uptake pattern, C* will have the value: 
C* /  = (1 / LF) + [6 / (z / LF) ] (ln [LF + (1 - LF) e("")] }  (22) 
where 6 = empirical constant assumed as 0.2 z 
z = relative root zone (0 to 1) 
Since the same authors said that the exponential model is the best of the uptake 
models, giving the best prediction of the salinity distribution, the model development has 
been accomplished based on linearly averaged root-zone salt concentration for exponential 
water uptake function. 21 
4.  MODEL DEVELOPMENT 
Several researchers have addressed the problem of using crop salt tolerance data 
(see Section 3.1.3) to manage irrigation under field conditions. Normal field conditions 
differ from the experimental conditions where crop salt sensitivities were derived by Maas 
and Holtman. Those experimental conditions involved high leaching and frequent 
irrigation so that salinity was kept near a constant level. Under field conditions salinity 
becomes concentrated by soil water uptake by the plant, and that process of concentration 
changes crop growth, which then changes the rate of leaching. 
Two approaches are reviewed in this chapter. Hof man and van Genuchten 
proposed a graphical approach for determining the minimum leaching fraction required to 
maintain maximum yields. However their method cannot be used to estimate what yields 
would be if the leaching fraction were less than the required minimum. Their graphical 
method assumes a known leaching fraction, but the leaching fraction itself is affected by 
changes in crop growth induced by saline conditions. To deal with this problem, Letey and 
Dinar derived an analytical model which iteratively corrects the leaching fraction to 
account for the reduction in evapotranspiration associated with salinity. The  approach by 
Letey & Dinar was adapted for use in the present research by incorporating it into a more 
complex model that accounts for variations in soil moisture along a furrow. This latter 
model will be referred to in this thesis as the Toraman model to distinguish it from the 
other models discusses. 22 
4.1.  Hoffman and van Genuchten Graphical Solution 
As explained in section 3.1.3., Relative Yield (RY) can be calculated as follows 
based on electrical conductivity of soil saturation extract (ECe), crop threshold value (C) 
and slope (B); 
RY = 100 - B (EC,  C)  EC, > C  (4) 
In this simple equation, C and B are experimentally found variables for a given 
crop. However, in order to use Equation (4) in irrigation management it is necessary to 
relate ECe to the salinity of applied water and the leaching fraction used. This has been 
done by first relating ECe to ECs,,  , then relating ECs,, to EC; and leaching fraction. The 
key factor  is  determining the relationship between ECe and soil water electrical 
conductivity (EC,,,). Let assume that Of, and ep represent field capacity and wilting point 
of a given soil, respectively, and Ow represents saturated soil conditions. It is often 
assumed that a given soil has a saturation capacity of 50% by volume (0,4 Based on that 
assumption, the relationships between 0.t and Osw, and ECe and EC, can be written; 
20sw = Osat  (23) 
and 
2 EC, = ECsv,  (24) 23 
Then the salinity pattern equation of Hoffman and van Genuchten (equation 22) can be 
rewritten for z = 0.2; 
1/2 ECs, = ECe = EC; / 2 (1 - LF) + { (0.2 / LF) In [ LF + (1  LF) e-5) ]  (25) 
Hoffman and van Genuchten developed a graphical representation of this equation 
which could be used to calculate the leaching fraction required to maintain soil water 
salinity below any given threshold level. According to the graph one can find the nominal 
LF as a function of salinity of applied water (EC;) and crop salt tolerance threshold value. 
1  2 3  4 5 
Salinity of Applied Water (ECi,dS/m) 
Figure 4.1  Graphical solution for leaching requirement (LF) as a function of salinity of 
the applied water and the salt-tolerance threshold value for the crop (after Hoffman and 
van Genuchten, 1983). 24 
If it is assumed that, for an example, EC of an irrigation water is 2 dS/m and, for corn, C 
and B are 1.7 dS/m and 12, respectively (values suggested by Stewart et al., 1977), then 
the leaching requirement for this application should be 0.20 according to figure 4.1. In 
other words, 20 % more water should be added to the water requirement of the crop to 
leach the root zone and keep ECe below the hazard threshold level. Based on this result, 
ECe can be determined as a function of EC; and LF. Assume that the LF of corn is 0.20 
with 2 dS/m of EC;, then by using figure 4.2, EC, will be about 3.3 dS/m and by 
substitution these variables into equation (23), ECe is 1.65 dS/m which is less than crop 
salt tolerance threshold (C). Briefly, no yield reduction will occur in this application due to 
salinity of EC;. 
1  2 3 4 5 
Salinity of Applied Water (ECi, dS/m) 
Figure 4.2  The mean root zone salinity as a function of the salinity of the applied 
water and leaching fraction, LF (after Hoffman and van Genuchten, 1983). 25 
Because the Hoffman and van Genuchten graphical method requires only a couple 
of variables and is easy to utilize, the graphs are widely used. In spite of its simplicity, the 
graphs have some disadvantages. In order to maintain maximum yield, increasing the 
amount of applied water to provide additional leaching water is not an efficient technique, 
since maximum yield does not always represent maximum profit. Under some conditions, 
such as where there is no outlet for drainage water or water supply is limited, reducing 
applied water amount might be more profitable than obtaining maximum yield (Dinar, 
Letey and Knapp, 1985). In the future, world fresh water supplies will be more limited and 
the proportion of this limited water avaliable for agricultural use will be less than today. 
4.2.  Letey and Dinar Production Function 
In 1985, Letey and Dinar developed a model to estimate crop yield for any given 
plant and irrigation water salinity and for any given amount of applied water. They 
assumed a linear relationship between yield and ET (Stewart et al., 1977). The relationship 
between yield under non-saline conditions (Y,) and seasonal available water (AW) for 
non-saline irrigation water can be seen in figure 4.3. Seasonal available water (AW) 
includes preplant irrigation and any preseason soil moisture or in-season precipitation 
which provides a part of the water available to the plant. 26 
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Figure 4.3  Relationship between yield (Yns) and seasonal applied non-saline water 
(AW). Evapotranspiration (ET) is equal to AW for AW values to or less  than  ETmax 
(after Letey and Dinar, 1985). 
When a plant is irrigated with a relatively saline water, naturally a salt build-up 
takes place in the profile due to evapotranspiration (ET). Since salinity reduces plant 
development, it also reduces ET and as a result increases leaching. Solomon (1985) briefly 
described the relationship between crop yields and leaching under saline conditions: 
Irrigating with saline water will cause some degree of salinization 
of the soil. This, in turn, will cause a decrease in crop yield relative 
to yield under non-saline conditions. This reduced yield ought to 
be associated with a decrease in plant size and a decrease in 
seasonal ET. But, as ET goes down, effective leaching will be 
increase, mitigating the initial effect of the saline irrigation water. 
For any given amount and salinity of irrigation water, there will be
 
some point at which values for yield, ET, leaching, and soil salinity
 
all are consistent with another. The yield at this point is the yield to 
be associated with a given irrigation water quantity and salinity. 
Based on this assumption, Letey and Dinar developed two models. The first model 
is based on Figure 4.3 and is concerned with the case where applied water is less than the 
consumptive use requirement of the  crop,  that  is when AW is  in  the range 
AWt <AW <ETmax. Letey & Dinar assumed that when yield is reduced by salinity there is a 27 
proportional reduction in consumptive use of water by the crop, and these are related by 
the equation; 
YD = (DP) S  (26) 
where  YD = yield decrement due to saline conditions 
DP = consumptive use decrement 
S = production function slope for non-saline irrigation water. 
Let relative yield (RY) be defined as that fraction of Yfis that would be produced under 
saline conditions. That is, 
RY = 100 (Yes - YD) / Yes  (27) 
Then substituting equation (4) into (27), the level of salinity (ECe) associated with the 
given yield decrement can be derived as; 
ECe =C + (100 YD)/B Y  for Yns  (28) 
In order to relate this ECe to the salinity of applied water (EC;), a water uptake 
function was needed. Letey and Dinar used an exponential water uptake function that was 
first proposed by Raats (1974). Hoffman and van Genuchten (1983) studied three water 
uptake functions to described the relationship between ECe and EC;, and they concluded 28 
that the exponential water uptake function gave the best agreement with experimental 
data. The relationship between leaching fraction and ECe implied by this uptake function 
was given in equation (25). 
From figure 4.3, a leaching fraction (LF) can be written for AWt<AW<ETntax as; 
LF = DP / AW = YD / (AW) S = (AW ET) / AW  (29) 
Also, from the relationships shown in Figure 4.3 we can write; 
Yns = S (AW-AWt)  (30) 
then equation (27) is substituted into equation (25) to derive the leaching fraction (LF) 
that is implied by a given value of YD and equation (30) is substituted into equation (28) 
for Y. Finally, the equations 24 and 25 are combined to arrive at a relationship between 
YD and available water. The following equation was derived for the range of 
AWt <AW <ETmax, 
2) 100( YD  (EC i )(S)(AW) + YD C ( )
BS(AW AWt)  2 
(31) 
0.1ECi(S)(AW)ln 
YD 
(A W)S 
+ (1 
YD 
(AW)S 
)exp( 5)  =0 
After solving this equation for YD, one can calculate leaching for a given AW by 
using equation (29). 29 
The second model developed by Letey and Dinar applies to the case where 
AW  ,  Y equals Y.  ,  and therefore Y. can be substituted directly into 
equation (28). If AW ET., deep percolation (DP) will be; 
DP = (AW - ETmax + YD / S)  (32) 
and 
LF = 1  (ET. / AW) + YD / (AW) S  (33) 
Equation (33) is substituted into equation (25), and equation (28) again substituted 
into equation (25) to calculate YD for the condition of AW  The result is; . 
C + 
100YD 
BYE 
0.5EC 
ETmax  YD 
AW  (AW)S 
(34) 
1 
0.1EC 
ET 
max +  YD 
ETmax 
AW 
YD  [1 exp( 5)]
(AW)S_ 
=0 
AW  (AW)S 
Similarly, one can calculate LF for AW_ETrilax, by solving equation (33) for 
different values of AW. 
Note that it is necessary to solve both equations 31 and 34 by an iterative search 
method. Letey & Dinar used the Newton-Raphson procedure. 
In order to utilize the Letey and Dinar model, Y., ET., AWt and seasonal pan 
evaporation (Er) values are required. Appendix A shows the input variables derived from a 30 
variety of experimental data using the above algorithms by Letey and Dinar (1986) for 
selected crops. 
4.3  Toraman Model 
The model of Letey and Dinar derives a production function for  seasonal water 
use. However, this model is valid only for a site where a uniform water application occurs 
across the field. In reality, water distribution under furrow irrigation is  non-uniform. 
Always, more water infiltration occurs at the upper section of a furrow than at the lower 
section. Since each point of the furrow receives a different amount of water, it is expected 
that yield will be different from one end to the other. When avaliable water is less than the 
crop water requirements (AW <ETmax), the effect of such non-uniform distribution on  plant 
growth becomes more significant. The same fact of non-uniform water infiltration applies 
to leaching. In practice, leaching is often calculated as an average for a field. However, the 
non-uniformity of water infiltration implies non-uniform leaching; hence, calculations for 
leaching fraction are not adequate along the furrow. Some part of the field is overleached 
while the other part is underleached, which results in varying yield reductions due to 
varying salt concentration in the profile. Under these circumstances, a simple application 
of the Letey and Dinar model is of little use for predicting actual yield and true leaching 
requirement for water management and planning. 
In this study, a model, which is capable of estimating crop yield and true leaching 
under the varying conditions of applied water and salinity along a furrow, was to be 31 
developed. In addition to the salinity-yield model, another model was needed to simulate 
water infiltration in the soil profile along the furrow. SRFR, a computer program for 
simulating flow in surface irrigation which was developed at the U.S. Water Conservation 
Laboratory (Strelkoff, 1991). The SRFR model was used for surface irrigation analysis. 
This numerical model is based on the principles of open channel hydraulics and 
incorporates a Kostiakov function to represent furrow intake (Mittelstadt, 1995). SRFR 
allows simulation of water flow for changeable soil parameters, inflow rate and application 
time. 
A combination and calibration of the Letey & Dinar model and SRFR was 
accomplished by Toraman (1996) to simulate yield and true leaching under different 
quantity and quality of water for any crop where furrow irrigation is practiced. The main 
usefulness of the model is that one can estimate water deficiency effect and salt hazard for 
a crop, salt concentration of the soil and resulting yield for any segment of the furrow. 
Therefore, necessary leaching can be estimated to prevent any yield loses due to salinity or 
avoid unnecessary water use due to overleaching. Another advantage of the model is that 
only a limited set of input parameter is required, including salt tolerance threshold and 
slope of the crop, maximum yield (Y.), maximum evapotranspiration (ET.), and 
salinity of applied water (EC;). 
The model of Toraman was also modified to calculate contribution of fertilizer to 
salt concentration of the soil profile which is directly related with yield and leaching. The 
results of simulations will be discussed within chapter 6. 32 
5.  MODEL TESTING
 
Unfortunately, no field data could be found to test the model for furrow irrigation 
practice. A data collection program was conducted in 1994 in Malheur County to test the 
model described in this thesis. However, the timing and amounts of rainfall that season 
made the field data unusable. There was no clear development of deficits at the ends of the 
furrows. Although, other furrow irrigation experiments have been done to investigate 
salinity and water deficit effects on a crop production under different irrigation practices, 
all results have been collected for an entire field or treatment block. 
Since the Toraman model was developed to investigate salinity and water effects 
for each segment of a field under conditions of uneven application rather than for the field 
as a whole, the model was tested by using data provided by Stewart (1996). Ian Stewart, 
et al. (1977) participated in a coordinated set of experiments in four different states i.e. 
California, Arizona, Utah and Colorado. The main idea of that study was to investigate 
effects of different water application levels, timing and of various irrigation water salinity 
on a crop under sprinkler irrigation treatments. Researchers completed their  experiment 
during the years of 1974 and 1975. Corn was selected as a study crop and a line-source 
experimental configuration was used, with applied water ranging from zero to 100% of 
the required amount for each irrigation. Stewart's experimental procedure consisted of a 
line source experiment. Each sprinlder was set at the middle of a 38.6 m wide 
experimental plot. At each sprinlder position on the sprinlder line six points were chosen at 
different distances from each side of the water line. Water application, yield, actual ET, 
drainage and profile depletion were determined at each point. Since, each point received a 33 
different amount of water during each irrigation, yield differed from one point to another. 
Therefore, a relationship could be established between water application level and its 
effect on yield. The data set for each point included yield, rainfall, actual ET, ET deficit, 
irrigation, drainage and soil depletion values. A control water application, which was full 
irrigation during the entire growing season of corn (Treatment III), was compared to three 
different strategies of irrigation timing; (1) no irrigation during the first (vegetative) period 
of the crop, then full irrigation rest of the season (Treatment OH); (2) no irrigation during 
the pollination period (Treatment MI); and (3) irrigation only after vegetative and 
pollination periods (Treatment 00I). For model testing in the present reseach, data from 
the control treatment (Treatment III) from Davis, California in 1974 were used. 
Stewart, et al., also examined effects of different levels of applied water salinity on 
the crop. Control plots were irrigated with normal water, with a salinity level (EC;) of 1.0 
dS/m (Treatment WQ0). For saline irrigation treatments, the salinity of applied water was 
increased to 1350 ppm or 2.0 dS/m to simulate Colorado River expected salinity level in 
the year 2000 (Treatment WQ2). The same experiment was extended to investigate soil 
salinity effects on the crop. Two different salinity levels of saturation extract were used. 
The first one represented a salinity of soil extract (ECe) of 1.0 dS/m under normal 
conditions (Treatment So). For the second one, a salt concentration of saturation extract 
(ECe) was artificially increased to 5.0 dS/m (Treatment S5). Treatment So was used for 
testing of the present model. Therefore the data of treatments III, So, WQ0 and III, S., 
WQ2 were selected to test the model. 
In 1974, maximum evapotranspiration (ETmax) was 674 mm for corn in Davis, CA 
and there was 24 mm rainfall during the growing period of the crop. Available water 34 
(AW) for the crop consisted of rainfall, irrigation and soil water depletion which included 
preseason soil moisture. 
In 1986, Letey and Dinar developed a computer model which calculates the effects 
of salinity and water deficit on yield. The original model was not able to estimate crop 
yield for arbitrary levels of salinity and arbitrary levels of applied water for a given crop. 
This computer model of Letey & Dinar was adapted for use in the present research. The 
original Fortran code was rewritten to run in Basic on a PC and was configured to accept 
any arbitrary inputs of applied water and salinity. This model was then combined with the 
SRFR model in a single algorithm, which will be referred to here as the Toraman model. 
The Toraman model was then used to investigate water-salt effects on yield under non­
uniform water application practices such as furrow irrigation. 
In addition to the computer model, Letey & Dinar proposed a set of functions to 
relate relative yield (RY) and the ratio of available water (AW) and evaporation (Er) for 
various crops. The function was based on a series of crop related coefficients. These 
coefficients are themselves dependent on applied water salinity (EC). Their function and 
the various coefficients were all derived from experimental data. Appendix B presents the 
coefficients for some selected crops. The function is expressed as 
RY = a + b (AW / Er) + c (AW / Er)2  (35) 
where a, b and c are coefficients for different crops and different levels of EC of applied 
water. 35 
Testing of the model consisted of a comparison of model results with the Letey & 
Dinar estimates and Stewart's data. This served two purposes. First, since the Letey & 
Dinar model was adapted for use in the present model, it provided verification that the 
adapted models are consistent with the original. Secondly, by comparison with Stewart's 
data, it permitted an assessment of model accuracy. 
For irrigation water with an EC of 1.0 dS/m the results are presented in Table 5.1 
and illustrated in Figure 5.1. At all six points the Toraman model exactly matched the 
original simulation model of Letey & Dinar. Both models fit the data well at full irrigation 
(points 5 and 6) but both underestimated actual yields at lower levels of available water 
(points 1 through 4). The Toraman model underestimated actual yields by an average of 
5.6 percent overall. 
Table 5.1  Results of the Stewart, 1974 field experiment, Letey and Dinar, 1986 
functional relationship and the Toraman, 1996 model for the EC of 1.0 dS/m of applied 
water 
Stewart, 1974 results  Letey&Dinar, 1986  Toraman, 1996
 
# point  distance  AW  YLD  RYLD  AW/Ep  RYLD  RYLD
 
(m)  (cm)  (Mg/ha)  ( %)  ( %)  ( %) 
1  16.775  42.3  6.9  0.58974  0.39906  0.5396912  0.5345 
2  13.725  48.5  8.2  0.70085  0.45755  0.6106824  0.6248 
3  10.675  55.3  9.9  0.84615  0.5217  0.6821946  0.7334 
4  7.625  64.2  11  0.94017  0.60566  0.7657557  0.8696 
5  4.575  75.2  11.7  1  0.70943  0.8533114  0.9884 
6  1.525  74.3  11.6  0.99145  0.70094  0.8468006  0.9816 36 
Figure 5.1  Comparison of the results of the Stewart, 1974 field experiment, Letey and 
Dinar, 1986 functional relationship and the Toraman, 1996 model for the EC of 1.0 dS/m 
of applied water 
The functional relationship of Letey & Dinar ware also tested with these data but 
were found to underestimated yields by a grater margin at all levels of available water. 
For irrigation water with an EC of 2.0 dS/m the results are presented in Table 5.2 
and illustrated in Figure 5.2. At all points along the line The Toraman model gave identical 
results with the  original model. However, under saline  conditions, both models 
underestimated actual yields. The Toraman model underestimation was by 8.8% of actual 
yields overall. 
The Letey & Dinar functional relationships were tested with the same data and 
were found to underestimate yields by a greater margin at all levels of available water. 37 
Table 5.2  Results of the Stewart, 1974 field experiment, Letey and Dinar, 1986 
functional relationship and the Toraman, 1996 model for the EC of 2.0 dS/m of applied 
water 
Stewart, 1974 results  Letey&Dinar, 1986  Toraman, 1996 
# point  distance  AW  YLD  RYLD  AW/Ep  RYLD  RYLD 
(m)  (cm)  (Mg/ha)  (%)  (%)  (%) 
1  16.775  42.3  6.85  0.58547  0.39906  0.4957053  0.479 
2  13.725  47.5  8.3  0.7094  0.44811  0.554884  0.551 
3  10.675  54  9.5  0.81197  0.50943  0.6233952  0.641 
4  7.625  61.6  10.55  0.90171  0.58113  0.695804  0.746 
5  4.575  72.8  11.1  0.94872  0.68679  0.7873889  0.864 
6  1.525  75.2  11.4  0.97436  0.70943  0.8046699  0.879 
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Figure 5.2  Comparison of the results of the Stewart, 1974 field experiment, Letey and 
Dinar, 1986 functional relationship and the Toraman, 1996 model for the EC of 2.0 dS/m 
of applied water 38 
6.  APPLICATION TO MALHEUR COUNTY
 
Furrow irrigation practice is being used widely in Malheur County, eastern Oregon 
for different row crops, such as potatoes, sugar beets, onions, grain and field corn. In 
order to investigate  alternatives for increased irrigation  efficiencies under furrow 
irrigation, corn and onions were chosen as study crops. Using the Toraman model, several 
alternative irrigation management practices were examined for their effects on crop yields. 
The result were compared with nominal management practices based on recommended 
nominal leaching values derived from the Hoffman and van Genuchten algorithm under 
different salinities of irrigation water. Two different EC of applied water, EC; of 0.5 dS/m 
and EC; of 2.0 dS/m, were studied. EC; of 0.5 dS/m irrigation water represents low saline 
water application practices. Salinity concentrations of water are presented in Table 6.1 for 
selected points in Malheur County. These values are based on samples taken during the 
1994 irrigation season. The EC of 0.5 dS/m is representative of the upper limit of salinity 
of fresh water sources. Additionally, a substantial fraction of the irrigation water supply is 
derived from return flows captured in local drains. EC; of 2.0 dS/m irrigation water 
represents the upper limit of anticipated salinity from such return flows.  The Toraman 
model was used to also investigate the contribution of fertilizers to the salinity of the soil 
and therefore its effect on crop production. 
An existing model of water distribution in a furrow was used to estimate the 
amount of infiltration at each point along the length of the furrow. This model, called 
SRFR, was developed by USDA-ARS (Strelkoff, 1991) and was calibrated and tested 
pecifically for use on Malheur County fields (Mittelstadt, 1995). The analysis which 39 
follows was based on a specific field, field B7 of the Malheur Experiment Station, where 
the model was tested extensivly. SRFR simulation model was run for generating 
infiltration data which was then used as input data for the Toraman model. The Toraman 
model was then used to simulate yield as a function of salinity and the amount of 
infiltration at each point in the furrow. Therefore, salinity of soil saturation extract (ECe), 
and the actual leaching for each point throughout the furrow were simulated. Average 
leaching and yield were estimated for the field as a whole based on the Toraman model 
output data. 
Table 6.1  EC of water samples from Malheur County, Ontario, Oregon 
Sample #  EC of water  Location 
(dS/m) 
0  0.50  Snake River near Nyssa 
4  0.32  Vines ditch 
20  0.20  Owyhee River 
23  0.45  South of Ontario, drain ditch 
24  0.95  West of Ontario, drain ditch 
6.1  Soil Properties, Climatic and Field Conditions of Malheur Co. 
The most prominent soil series for Malheur County are Garbutt, Greenleaf, Nyssa, 
Owyhee, Powder and Virtue silt loams; Feltham loamy fine sands; Kimberly, Sagehill and 
Turbyfill fine sandy loams (Mittelstadt, 1995). The region has a semi-arid climate and 
receives 232 mm annual precipitation (Barnum, et al.  1995). Field B7 at the O.S.U. 40 
Malheur Experiment Station, which was chosen as a study field is 195 m long with a slope 
of 0.55%, in Owyhee and Greenleaf soils. 
6.2  Estimation of Corn Yield Production 
Corn is one of the major crops cultivated in the US and other parts of the World. 
Since its production spreads all over the world, the first evaluation was made to 
investigate relationship between corn yield and leaching requirement. 
In 1963, Kaddah and Ghowail set an experiment to determine effects of saline 
water application on corn yield at different growing periods of the crop. In the experiment, 
the researchers used average EC of saturation extract (ECe) of 2.0 dS/m in control plots, 
and then compared yield for different levels of ECe and applied water salinity with the 
control. In results, the maximum yield was achieved at the control treatments. Although 
many authors have reported that salt tolerance threshold value (C) is 1.7 dS/m for corn, 
based on this study, it can be assumed that the maximum yield could be maintain at at least 
2.0 dS/m of ECe. In the present study, the salt tolerance threshold value was accepted as 
2.4 dS/m for corn. Note that C differs from one variety of a crop to another as well as for 
different soil and climatic conditions. 
Under Malheur Co. conditions, the rooting depth of corn is approximately 1000 
mm, available water capacity of the soil is about 19% and management  allowable 
depletion is 50%. It is generally expected that furrow application efficiency will be around 
50%. Corn growing period is 166 days and maximum evapotranspiration (ETTax) is 745 41 
mm. Crop salt tolerance value (C) and slope (B) were assumed to be 2.4 dS/m and 12% 
respectively (adopted from Kaddah and Ghowail, 1963). 
6.2.1  Results for Low-Saline Conditions 
Normally, irrigation is managed in such a way that the full water requirement at the 
lower end of the furrow will be satisfied. This implies that most of the furrow will be over-
irrigated to some extent. The following analysis deals with alternatives for relaxing the 
low-end requirement in order to increase overall efficiency. 
Four different water application practices were examined; (1) full irrigation at the 
tail end of the furrow, including the leaching fraction required to maintain full yields, as 
calculated by the method of Hoffman and van Genuchten, (2) water application with 
100% of water required to fill the soil profile, but no leaching fraction at the tail end of the 
furrow, (3) SCS recommended application uniformity, i.e. irrigation such that the average 
application in the low quarter of the field just equals the minimal depth needed to refill the 
profile and under this condition application adequacy will be 87.5% in low quarter of the 
furrow, and (4) maximum economical water saving practice. 
6.2.1.1 Application with Nominal Leaching Requirements 
The graphs of Hoffman & van Genuchten (Figures 4.1 and 4.2) are widely being 
used all over the world for estimating leaching fraction (LF). This graphical estimation of 42 
LF was compared with the results of Toraman model in this section of study. The 
comparison was based on corn as a study crop with low saline irrigation water. 
According to Hoffman and van Genuchten, a certain amount of additional water 
should be applied during each irrigation to prevent yield loses due to salt accumulation in 
the soil profile. The nominal leaching requirement is a function of the salinity of applied 
water (EC;) and crop salt tolerance threshold (C). Since electrical conductivity of applied 
water was chosen as 0.5 dS/m to represent low saline condition and C of corn is 2.4 dS/m, 
the nominal recommended leaching will be something less than 0.05 for the entire field 
according to Figure 4.1. By using Figure 4.2, the salinity of soil water extract (ECe) then 
becomes approximately 2.0 dS/m which is below the salt tolerance of the crop. 
Assuming typical inflow rates and set times, the SRFR model indicated that 1224 
mm of water should be applied in 15 irrigations during the corn growing season in order 
to maintain 5% leaching at the tail end of the field. This corresponded to 330 mm leaching 
for the entire field; therefore, no yield reduction would occur due to salinity or water 
deficit effect. As a matter of fact, soil water extract salinity would never exceed 1.0 dS/m 
along the field except in a small part of the furrow at the lower end. Irrigation provided 
enough water for the crop to maintain maximum evapotranspiration. 
A graphical illustration of water distribution along the furrow is presented in 
Figure 6.1. More details about the simulation results are given in Table C.1. 43 
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Figure 6.1  Distribution patterns of applied water, evapotranspiration and required 
water for corn with a leaching fraction of 0.05. EC is 0.5 dS/m 
6.2.1.2 Zero Leaching at the Tail End of the Furrow 
When the strategy of zero leaching at the tail end of the field was evaluated, the 
Toraman model showed a significant amount of water could be saved before any reduction 
in yield occured. When the leaching is assumed zero at the end of the furrow, only 1159 
mm of water is required, a reduction of 6%. Field average leaching was 256 mm and 
salinity of soil saturation extract was not more than 1.3 dS/m at any point of the field. A 
representation is given in Figure 6.2. 44 
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Figure 6.2  Distribution patterns of applied water, evapotranspiration and required 
water for corn with zero leaching at the tail end of the furrow. EC is 0.5 dS/m 
6.2.1.3 SCS Recommended Application Uniformity 
According to SCS guidelines the average depth of water applied in the last quarter 
of a furrow should be 100% of the nominal requirements. In other words, in the last 
quarter of the furrow, the excess water should just equal the  water deficit. The most 
interesting results were seen under this practice. Only 1071 mm irrigation water, 12.5% 
less than the requirement calculated by the Hoffman and van Genuchten method, would be 
needed for each application. The results of the Toraman model showed that even though a 
portion of the last quarter of the field received less water than crop requirements, the 
expected yield reduction would be 1.3% during the growing season of corn. Salinity of the 
soil saturation extract value would slightly exceed C at the end of the furrow. The 
contribution of the salinity effect on yield due to salt build-up in the root zone would 
account for a yield reduction of about 0.5%; therefore, the major cause for yield losses is 45 
water deficiency at the end of the furrow. Average leaching would still be 258 mm for 
entire the field. A graphical illustration and more details are presented in Figure 6.3 and in 
Table C.3 respectively. Comparison of results from three different irrigation practices is 
illustrated in Figure 6.4. 
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Figure 6.3  Distribution patterns of applied water, evapotranspiration and required 
water for corn, 87.5% adequacy at the last quarter of the furrow. EC is 0.5 dS/m 46 
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Figure 6.4  Comparison of results from three different irrigation practices for corn, 
EC; is 0.5 dS/m. 
6.2.1.4 The Potential for Water Savings 
The model was also used to estimate the effects of significant deficit irrigation at 
the tail end of the furrow, a technique that can increase application efficiency substantially. 
For this analysis, applied irrigation water was arbitrarily reduced by 25% to 918 mm. 
Estimated yield declined by about 7.5%. Even in this case, a huge amount of water was 
saved versus sacrificing less than a tenth of the yield. Average leaching was about 193 mm 
for the entire furrow. Salinity become a problem at the end of the field that did not receive 
sufficient water. However, the effect of water deficit was still greater than the effect of 47 
salinity on the yield. A presentation is displayed in Figure 6.5. The simulations results are 
presented in Table C.4. 
Figure 6.5  Distribution patterns of applied water, evapotranspiration and required 
water for corn, for potential water saving. EC is 0.5 dS/m 
6. 2. 2 Results for Moderately Saline Conditions 
In some regions, providing fresh water for agricultural use is very limited. Often, 
farmers may be forced to supplement their fresh water with some amount of saline 
drainage water to irrigate crops. This is the case in Malheur County. Evaluation of 
application methods of saline drainage water will not be discussed in this study. However, 
regardless of the application method, using  saline  irrigation water increases  salt 
accumulation in the soil profile. The question is how much leaching should be applied to 
mitigate salt hazard on the crop and therefore to prevent yield loses. 48 
In this section of the chapter, the effect of utilizing lower quality irrigation water 
will be evaluated. For this case, the assumed salt concentration of irrigation water was 
increased to 2.0 dS/m to examine the salt effects. Comparisons were made for three 
alternative levels of applied water: (1) full irrigation including the Hoffman and van 
Genuchten recommended leaching fraction, (2) full irrigation but no leaching fraction, and 
(3) irrigation with 87.5% application adequacy. 
6.2.2.1 Application with Nominal Leaching Requirements 
As mentioned earlier, the graphical estimation of Hoffman & van Genuchten is  a 
function of crop salt tolerance threshold (C) and salinity of applied water (EC;). Since C of 
the corn is accepted as 2.4 dS/m and EC of applied water was assumed 2.0 dS/m for 
simulating saline water, recommended leaching should be 17% to maintain maximum 
potential yield. 
Assuming typical furrow inflow rates (Q = 0.36 L/s) and set time (1440 min), the 
SRFR model indicated that 1572 mm of applied water should be provided to sustain 17% 
leaching at the lower end of the furrow. Such an amount of water corresponded to an 
avarage of 714 mm leaching for the entire furrow. In this first simulation, water deficit did 
not cause yield losses since there was enough water to sustain maximum ET. All yield 
decrements resulted from high salt concentration of applied water. A loss of 0.3% of yield 
occurred at the very end of the furrow where deep percolation was under 30% of applied 
water. In other words, to sustain maximum yield, leaching fraction should have been 49 
above 30%. A graphical illustration of water distribution throughout the furrow is 
presented in Figure 6.6 and the Toraman model results are given in Table C.5 in detail. 
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Figure 6.6  Distribution patterns of applied water, evapotranspiration and required 
water for corn with a leaching fraction of 0.17. EC is 2.0 dS/m 
6.2.2.2 Zero Leaching at the Tail End of the Furrow 
The SRFR model then simulated the condition of zero leaching at the tail end of 
the furrow, though all of the furrow received enough water to maintain minimum ET of 
the crop. The SRFR model results indicated that 1181 mm of applied water would be 
required to fulfill such condition. Such amount of water corresponded about 299 mm of 
expected leaching for the entire furrow. According to the Toraman model, under this 
circumcitance, yield would be 97.1% of maximum with 337 mm leaching as a field average 
which is higher than expected leaching. It is interesting to see that the yield difference 50 
between the Hoffman and van Genuchten recommended leaching and zero leaching at the 
tail end of the furrow was less than 3% of maximum yield. However, there was a huge 
difference between required applied water. The model showed that almost 300 mm of 
irrigation water could be saved by sacrificing only 3% of the yield. 
A graphical illustration of the infiltration pattern along the furrow is presented in 
Figure 6.7 and the Toraman model results are provided in Table C.6. 
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Figure 6.7  Distribution patterns of applied water, evapotranspiration and required 
water for corn with zero leaching at the tail end of the furrow. EC is 2.0 dS/m 
6.2.2.3 SCS Recommended Application Uniformity 
For this simulation, the main goal was to maintain 87.5% adequacy in the last 
quarter of the furrow and then to evaluate salinity and deficit irrigation effects on the yield. 51 
From the results of SRFR,  1071 mm of applied water would be needed with 254 mm 
leaching for the furrow. According to the Toraman model, yield would be occurred 95.1% 
of maximum which is only 5% less than yield of irrigation with recommended leaching. 
However, 500 mm less irrigation water would have been needed and the leaching would 
still have been 290 nun as a field average. Although a small proportion of yield decrement 
resulted from insufficient water application, the major cause of yield loses was high salt 
concentration in the soil profile. 
A graphical illustration of water distribution throughout the field is presented in 
Figure 6.8 and model detail and results can be seen in Table C.7. Comparison of results 
from three different irrigation practices is illustrated in Figure 6.9. 
Figure 6.8  Distribution patterns of applied water, evapotranspiration and required 
water for corn, 87.5% adequacy at the last quarter of the furrow. EC is 2.0 dS/m 52 
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Figure 6.9  Comparison of results from three different irrigation practices for corn, 
EC; is 2.0 dS/m. 
6.3  Estimation of Onion Yield Production 
One of the major cultivated crops in eastern Oregon is onions. The crop is known 
as a salt sensitive crop with salt tolerance threshold  (C) of 1.2 dS/m and slope (B) of 16 
(Maas, 1986). Under Malheur Co. conditions, root depth of the crop is 600 mm, available 
water capacity of the soil is about 19% and management allowable soil moisture depletion 
is 50%. Expected application efficiency is around 50%. Growing period of the crop is 
about 146 days with the seasonal maximum ET of 659 mm. Similar to corn, estimation of 
onions yield were accomplished by two different level of irrigation salinity; EC; of 0.5 and 
2.0 dS/m, and three different application methods described in section 6.2.1. Results were 
summarized below. 53 
6.3.1  Results for Low-Saline Conditions 
6.3.1.1 Application with Nominal Leaching Requirements 
Assuming the crop salt tolerance threshold value (C) is 1.2 dS/m for onions and 
EC if applied water (EC;) is 0.5 dS/m, according to the graphs of Hoffman & van 
Genuchten, the nominal leaching should be about 10% in order to maintain maximum 
potential yield (Figure 4.1). SRFR model indicated that 1224 mm of irrigation water 
should be applied in 12 irrigation during the onions growing season to fulfill 10% leaching 
at the tail end of the furrow. Such amount of applied water corresponded about 258 mm 
leaching for the entire field. The results of Toraman model indicated that under such 
application, maximum potential yield could be achieved. No yield losses occurred due to 
water deficit or salt concentration of irrigation water. A 285 mm of actual leaching 
happened as a field average. EC of soil saturation extract (ECe) slightly exceeded C at the 
very end of the furrow, but its effect on yield can be ignored. 
Results and a graphical illustration of the distribution of the water along the furrow 
are presented in Table C8 and Figure 6.10 respectively. 54 
distance (m) 
0  20  40  60  80  100  120  140  160  180  200 
0 
10 
20 
30 
40  applied(cm) 
50  ET(cm) 
60  required (cm) 
70 
80 
90 
100 
Figure 6.10  Distribution patterns of applied water, evapotranspiration and required 
water for onions with a leaching fraction of 0.10. EC is 0.5 dS/m 
6.3.1.2 Zero Leaching at the Tail End of the Furrow 
In this section, expected yield under zero leaching at the tail end of the furrow was 
evaluated. According to SRFR results, for such condition 1050 mm of applied water 
required which corresponded almost 197 mm of leaching for the field. The Toraman 
model showed that with this amount of water, yield would be 99.7% of the maximum with 
average leaching of 222 mm for the entire furrow. Ironically, a 175 mm of less water was 
needed to achieve 99.7% of yield, only 0.3% of yield was lost due to high salt 
concentration of ECe at the end of the furrow. 
The water distribution along the furrow is illustrated graphically in Figure 6.11 and 
the results of the Toraman model can be seen in Table C.9 in more detail. 55 
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Figure 6.11  Distribution patterns of applied water, evapotranspiration and required 
water for onions with zero leaching at the tail end of the furrow. EC is 0.5 dS/m 
6.3.1.3 SCS Recommended Application Uniformity 
The last simulation for onions with low saline irrigation treatment was made to 
investigate potential yield losses when 87.5% adequacy maintain at the last quarter of the 
furrow. According to SRFR results, a 961 mm of applied water would be needed with 
about 167 mm leaching. For such condition, possible yield would be 98.9% and the actual 
leaching would still be close to 20% of applied water as a field average. It can be easily 
concluded that there is only 2% of yield difference between the irrigation practice of 
Hoffman & van Genuchten and SCS recommendations. However, the difference between 
amount of applied water would be by 263 mm. In other words, 263 mm of more water 
required to increase yield from 98.9% to 100% of maximum yield. Alike other simulations, 56 
major contributor of yield losses was salinity rather than water deficit. Yield decrement 
started where leaching was below 15% of applied water. 
More details in results and a graphical illustration of water infiltration distribution 
pattern are presented in Table C.10 and Figure 6.12 respectively. Comparison of results 
from three different irrigation practices is illustrated in Figure 6.13. 
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Figure 6.12  Distribution patterns of applied water, evapotranspiration and required 
water for onions, 87.5% adequacy at the last quarter of the furrow. EC is 0.5 dS/m 57 
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Figure 6.13  Comparison of results from three different irrigation practices for onions, 
EC; is 0.5 dS/m. 
6.3.2  Results for Moderately Saline Conditions 
In order to evaluate effect of irrigation with relatively saline water, EC of irrigation 
water was increased to 2.0 dS/m. Similarly, three different water application practices 
were simulated. The results are discussed below. 
6.3.2.1 Application with Nominal Leaching Requirements 
Since onions are considered as salt sensitive crops with 1.2 dS/m salt tolerance 
threshold, required leaching is expected to be higher to sustain maximum yield under 58 
usage of low quantity irrigation water. Hoffman & van Genuchten recommended a 30% of 
leaching to prevent yield loses due to salt built-up in the soil profile. 
In order to achieve an optimal water distribution in the profile along the furrow, 
set time was increased to 1440 minutes rather than 12 hours. SRFR indicated that 1469 
mm of irrigation water would be necessary to fulfill 30% leaching at the tail end of the 
furrow. Therefore, expected leaching for the entire furrow would be 646 mm according to 
SRFR results. However, in spite of expectation of 100% of maximum yield, the actual 
yield was almost 96%. Despite 704 mm of actual leaching, it was not possible to avoid 
yield losses because of high salt concentration of the soil profile. In other words, such 
amount of leaching was insufficient to prevent yield losses for onions, salt sensitive crops 
under relatively saline irrigation water treatments. High salt concentration of ECe did not 
allow the crop to extract enough water for evapotranspiration (ET); therefore, the actual 
ET was below the maximum ET. 
The model results and SRFR simulation for water infiltration along the furrow are 
presented in Table C.11 and Figure 6.14 respectively. 59 
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Figure 6.14  Distribution patterns of applied water, evapotranspiration and required 
water for onions with a leaching fraction of 0.30. EC; is 2.0 dS/m 
6.3.2.2 Zero Leaching at the Tail End of the Furrow 
Saline irrigation water effects on the yield when leaching is zero at the tail end of 
the field was evaluated in this section of the study. SRFR model showed that 1067 mm of 
irrigation water was enough to  achieve such condition.  This amount of water 
corresponded to 203 mm leaching for the furrow. However, the Toraman model indicated 
that the actual leaching for the same furrow would be 304 mm, for saline irrigation water 
increased ECe  Therefore, the crop did not extract soil water even there was enough . 
water to maintain maximum ET. As a result less ET caused more  deep percolation. 
Approximately 90% of maximum yield could be sustained with 1067 mm of water. Briefly, 60 
the Toraman model showed that  approximately 395 mm of water could be saved by 
reducing 6% of yield. 
A graphical illustration for water distribution throughout the furrow is presented in 
Figure 6.15 and results of the Toraman model are given in Table C.12. 
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Figure 6.15  Distribution patterns of applied water, evapotranspiration and required 
water for onions with zero leaching at the tail end of the furrow. EC; is 2.0 dS/m 
6.3.2.3 SCS Recommended Application Uniformity 
The evaluation of effect of utilizing saline water for irrigation on yield was 
extended for SCS recommended 100% adequacy at the last quarter of the furrow. SRFR 
results demonstrated that 962 mm of irrigation water would be necessary to maintain  such 
condition. Also, according to same model results, expected leaching would be 167 mm. 
When the results of the Toraman model were examined, it can be seen that for this amount 61 
of applied water corresponded yield would be about 89% of maximum with 263 mm 
actual leaching. However, it is interesting to see there is only 7% yield difference versus 
34% required water between the first (section 6.3.2.1) and the third (section 6.3.2.3) 
application methods. Also, another interesting point is in order to increase yield by 1%, 
105 mm more water required. 
A graphical illustration of the water infiltration pattern for the furrow and model 
results are presented in Figure 6.16 and Table C.13 respectively. Comparisons of results 
from three different irrigation practices is illustrated in Figure 6.17. 
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Figure 6.16  Distribution patterns of applied water, evapotranspiration and required 
water for onions, 87.5% adequacy at the last quarter of the furrow. EC; is 2.0 dS/m 62 
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Figure 6.17  Comparison of results from three different irrigation practices for onions, 
EC; is 2.0 dS/m. 
6.4 Potential Contribution of Fertilizer to Salinity 
The analysis of effects of water deficit and salt on crop growth was extended to 
account for  fertilizer  applications.  According to Hoffman (1990),  the  soil  salt 
concentration increases by applying fertilizers to the soil. In an analysis of this question, 
Hoffman assumed that 900 kg/ha of SO4 would be added in ammonium sulfate form with 
irrigation water of 750 mm over a growing period. This would imply that soil  salt 
concentration increases by 0.19 dS/m. Using the same assumption (900 kg of SO4 per 
hectare), the potential contribution of fertilizer to the soil salinity was examined for corn 
and onions under low saline irrigation practices. The model results  showed that the 
expected contribution of fertilizer varied from 0.12 dS/m to 0.22 dS/m for corn, and from 63 
0.15 dS/m to 0.23 dS/m or onions, depending on the amount of water applied along the 
furrow. 
Although fertilizer applications caused an increase in salt concentration of the soil, 
it was still below the crop salt tolerance threshold except for a small proportion of the field 
at the end of the furrows. Therefore, the yield decrement due to fertilizers was very small. 
Results showed similarity for both low (EC; of 0.5 dS/m) and relatively high (EC; of 2.0 
dS/m) saline irrigation water applications. It can be briefly concluded that fertilizer 
application causes a negligible increase in the soil salt concentration, and that such an 
increment will not effect the yield significantly. For low saline irrigation water condition, 
the corn and onions yields were reduced an addition of 0.2%, for relatively high saline 
irrigation condition the yields declined an addition of 0.5% and 0.3% respectively. 
A graphical illustration of water infiltration and crop ET along the furrow for low 
and high saline irrigation practices are presented in Figure 6.18, 6.19, 6.20 and 6.21 for 
corn and onions respectively. The results of evaluations are provided for the same levels of 
water salinity and the same crops in Table C.14, C.15, C.16 and C.17 respectively. 64 
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Figure 6.18  Distribution patterns of applied water, evapotranspiration and required 
water for corn with potential contribution of fertilizer. EC; is 0.5 dS/m 
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Figure 6.19  Distribution patterns of applied water, evapotranspiration and required 
water for onions with potential contribution of fertilizer. EC; is 0.5 dS/m 65 
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water for corn with potential contribution of fertilizer. EC; is 2.0 dS/m 
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water for onions with potential contribution of fertilizer. EC; is 2.0 dS/m 66 
7. SUMMARY and CONCLUSIONS 
The world fresh water resources are limited, and the proportion of this limited 
water supply avaliable for irrigation purposes is getting smaller. It is a well known fact 
that when water supplies are limited or water costs are high, the economic optimum level 
of irrigation will be less than the yield maximizing level of irrigation. Under such 
conditions, deficit irrigation is a valid and useful strategy. The primary objective of deficit 
irrigation is to increase water use efficiency either by reducing irrigation adequacy or by 
eliminating the least productive irrigations (English, et al., 1990). The effects of deficit 
irrigation on the yield were evaluated with low saline and moderate saline irrigation water 
for two different row crops. The results of model simulations showed that an acceptable 
yield can be sustained by using less water than recommended. The study was based on 
empirical data and models derived by a number of other researchers. The results of this 
study warant additional field research to confirm the promising findings. 
The model theory is illustrated with an example based on corn and onions with low 
saline and moderate saline water applications. While inadequate water and increasingly 
saline water decrease simulated yield, it is interesting to see that some leaching is still 
anticipated even when the applied water is below the crop water requirements. The model 
indicates that deficit irrigation with low to moderate salinity water will cause only slight 
yield reductions. 
The study involved an evaluation of three different irrigation strategies; (1) 
irrigation with recommended nominal leaching requirement, (2) irrigation with nominal 67 
water requirement but no leaching, and (3) partial irrigation with less than nominal 
requirement at the tail end of the furrow. The study indicated that yields will be reduced 
relatively little under deficit irrigation with saline water for moderate salt sensitive crops 
such as corn. In order to maintain maximum potential yield, no additional leaching was 
required with low salinity applied water. For example in one case, reducing irrigation 
water by 12% would cause only less than 2% yield reduction due to partial irrigation at 
the end of the field, and even when required applied water is reduced by 25%, the 
potential estimated yield would be reduced by only 7.5% for corn under low salinity (EC; 
is 0.5 dS/m) conditions. 
Simulations of irrigation with moderately saline water produced similar results. 
With salinity of 2.0 dS/m, yields would be reduced by less than 5%, under partial irrigation 
in which applied water is less than nominal water requirements at the tail end of the 
furrow. However, a significant amount of water, around 30%, could be saved in 
comparison to irrigation with the recommended nominal leaching fraction. 
The simulation results for onions, a salt sensitive crop, were parallel with corn 
results. Under low salinity conditions, almost maximum yield could be achieved with full 
irrigation and zero leaching, and yield would be reduced by an estimated 1.1% when 
applied water was decreased by 21% below full irrigation. The maximum yield could not 
be maintained  for onions if low quality  (EC; is 2.0 dS/m) water were utilized for 
irrigation. Even with the 30% leaching fraction recommended by the Hoffman and van 
Genuchten algorithm to maintain maximum yield, the estimated yield would be only 95.6% 
of maximum. On the other hand, when applied water was reduced by 35% of the nominal 68 
requirement, including the nominal leaching recommended by the same authors, yield 
decreased by 11% of maximum potential yield for non-saline conditions. 
Finally, the effect of salt added from fertilizers was examined. A situation in which 
deficits are incurred at the end of the furrow raises the question whether even the small 
quantities of salts added as fertilizers could have an effect on yields. Although, fertilizer 
application to the soil increased soil salt concentration, its effect on yield was insignificant. 
For both levels of salinity of applied water (EC; of 0.5 dS/m and EC; of 2.0 dS/m), yields 
decreased less than 1% due to fertilizer application to the soil. 69 
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APPENDIX A 
Values used as input to the crop-water production function model 
(after Letey and Dinar, 1986) 
Crop  Ymax  ETmax  AWt  Ep  B 
(Mg/ha)  (cm)  (cm)  (cm)  (dS/m)  ( %) 
Alfalfa  18.0  80.0  0.0  106.0  2.0  7.3 
Cauliflower 186.0*  23.2  6.5  28.8  2.8  9.2 
Celery  1052.0*  46.2  20.5  54.9  1.8  6.2 
Corn  11.6  67.4  7.0  106.0  1.7  12.0 
Cowpea  3.2  62.8  28.6  81.6  4.9  12.0 
Lettuce  793*  24.9  13.4  46.2  1.3  13.0 
Oats  9.1  52.2  8.7  63.7  2.2  7.0 
Sugarbeet  71.5  80.0  25.0  115.0  3.4  1.6 
Sugarbeet  71.5  80.0  25.0  115.0  7.0  5.9 
Tomato  85.0  82.0  42.0  110.0  2.5  9.9 
Wheat  15.0  46.9  26.1  72.0  6.1  3.2 
* Units of gm/plant. 75 
APPENDIX B
 
Coefficients for the Functinal Relationship between RY and AW/Ep for various crops and 
given values of EC; (after Letey and Dinar, 1986). 
RY=a+b(AW/Ep)+c(AW/Ep)2 
EC;  a 
Alfalfa 
1  -.107  1.88  -.771 
2  -.086  1.66  -.629 
3  -.067  1.49  -.537 
4  -.064  1.39  -.497 
6  -.055  1.22  -.430 
8  -.047  1.07  -.372 
Cauliflower 
0.5  -.628  2.77  -1.121 
1  -.886  3.34  -1.434 
2  -.614  2.5  -.943 
3  -.577  2.24  -.793 
4  -.520  2.24  -.695 
6  -.429  1.64  -.542 
8  -.384  1.4  -.457 
Celery 
0.5  -1.461  4.38  -1.904 
1  -1.468  4.30  -1.859 
2  -1.329  3.76  -1.526 
3  -1.138  3.25  -1.284 
4  -1.046  2.96  -1.144 
6  -.914  2.50  -.932 
8  -.893  2.31  -.856 
Corn 
-.230  2.36  -1.077 
2  -.194  2.01  -.839 
3 
1 
-.170  1.77  -.175 
4  -.160  1.60  -.640 
6  -.138  1.30  -.508 76 
RY = a + b (AW / EP) + c (AW / Ep)2 
EC;  a 
Cowpea 
1  -1.223  4.04  -1.758 
2  -1.372  4.25  -1.852 
3  -1.330  3.97  -1.658 
4  -1.206  3.48  -1.363 
6  -.890  2.47  -.830 
8  -.764  2.02  -.654 
11  -.644  1.50  -.455 
Lettuce 
0.5  -.586  3.14  -1.427 
1  -.286  2.44  -1.074 
2  -.236  1.94  -.751 
3  -.549  2.33  -.912 
4  -.511  2.05  -.780 
6  -.424  1.54  -.547 
Oats (grain) 
1  -.162  1.76  -.621 
2  -.156  1.66  -.572 
3  -.149  1.52  -.493 
4  -.141  1.42  -.465 
6  -.118  1.26  -.396 
8  -.117  1.15  -.353 
11  -.118  1.00  -.301 
Sugarbeets (roots) 
1  -.455  2.60  -1.088 
2  -.252  2.21  -.912 
3  -.282  2.16  -.871 
4  -.135  1.80  -.688 
6  -.498  .66  -.225 
8  -.498  .60  -.196 
11  -.443  .61  -.194 77 
RY = a + b (AW / Ep) + c (AW / Ep)2 
EC;  a 
Tomato 
1  -1.661  5.08  -2.361 
2  -1.462  4.33  -1.883 
3  -1.315  3.76  -1.557 
4  -1.201  3.36  -1.359 
6  -1.013  2.69  -1.042 
8  -.903  2.23  -.830 
Wheat 
1  not enough variance to establish estimations 
2  -.655  .590  -.241 
3  -.507  .870  -.368 
4  -.448  .933  -.378 
6  -.501  .779  -.297 
8  -.467  .745  -.262 
11  -.484  .621  -.230 78 
APPENDIX C Simulation Results Table C.1  The Toraman model results for Hoffman & van Genuchten recommended leaching fraction of 0.05 
for corn. ECi is 0.5 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 27.1% 
inflow rate, Q = 0.56 L/s  number of irrigations = 15  relative yield = 100% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 84%  ETmin = 70 mm  Dapp = 1224 mm/season 
stored = 62%  C = 2.4 dS/m 
leaching = 26.2%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted  weighted 
(m)  (cm)	  (cm)  (dS/m)  (cm)  leaching  RY 
1 0  113.79  0  0  74.5  0.571891  39.29  0.34529  2.06187  5.973 
5.973  113.76  0  0  74.5  0.572106  1  39.26  0.34511  2.88879  8.357 
14.33  113.955  0  0  74.5  0.570714  1  39.455  0.34623  4.04125  11.71 
26.04  113.565  0  0  74.5  0.573511  1  39.065  0.34399  5.61729  16.39 
42.43  113.13  0  0  74.5  0.576691  1  38.63  0.34147  7.69891  22.95 
1 65.38  111.105  0  0  74.5  0.592377  36.605  0.32946  10.1514  32.12 
19.5 97.5	  106.83  0  0  74.5  0.63116  1  32.33  0.30263  5.67132 
5.11349  19.5 1 117  103.335  0  0  74.5  0.670302  28.835  0.27904 
136.5	  98.73  0  0  74.5  0.736647  1  24.23  0.24542  4.36245  19.5 
156  93.36  0  0  74.5  0.848172  1  18.86  4.20201  3.3445  19.5 
175.5	  86.73  0  0  74.5  1.09257  1  12.23  0.14101  1.8711  19.5 
195  78.495  0  0  74.5  2.102732  3.995  0.05089 1 Table C.2  The Toraman model results for fully irrigated furrow with the zero leaching at the tail end, for corn. 
ECi is 0.5 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 26.2% 
inflow rate, Q = 0.53 L/s  number of irrigations = 15  relative yield = 100% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 87%  ETmin = 70 mm  Dapp = 1159 mm/season 
stored = 65%  C = 2.4 dS/m 
leaching = 25.3%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted  weighted 
(m)  (cm)	  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.805  0  0  74.5  0.571784  1  39.305  0.34537  2.06213  5.973 
5.973  113.76  0  0  74.5  0.572106  1  39.26  0.34511  2.88879  8.357 
14.33  113.955  0  0  74.5  0.570714  1  39.455  0.34623  4.03972  11.71 
26.04  113.52  0  0  74.5  0.573837  1  39.02  0.34373  5.61086  16.39 
42.43  113.04  0  0  74.5  0.577357  1  38.54  0.34094  7.67519  22.95 
65.38  110.85  0  0  74.5  0.594463  1  36.35  0.32792  10.065  32.12 
97.5  106.245  0  0  74.5  0.637182  1  31.745  0.29879  5.57109  19.5 
117  102.42  0  0  74.5  0.681959  1  27.92  0.2726  4.951  19.5 
136.5	  97.41  0  0  74.5  0.759874  1  22.91  0.23519  4.10329  19.5 
156  91.485  0  0  74.5  0.900922  1  16.985  0!18566  2.92365  19.5 
175.5	  84.105  0  0  74.5  1.261426  1  9.605  0.1142  1.16101  19.5 
195  74.865  0  0  74.5  1.261426  1  0.36501  0.00488 Table C.3  The Toraman model results for SCS recommended 100% adequacy at the last quarter of the furrow, 
for corn. ECi is 0.5 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 24.1% 
inflow rate, Q = 0.49 L/s  number of irrigations = 15  relative yield = 98.7% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 93%  ETmin = 70 mm  Dapp = 1071 mm/season 
stored = 71%  C = 2.4 dS/m 
leaching = 23.7%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted  weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.82  0  0  74.5  0.57168  1  39.32  0.34546  2.47497  7.167 
7.167  113.775  0  0  74.5  0.572  1  39.275  0.3452  3.46771  10.033 
17.2  113.925  0  0  74.5  0.57093  1  39.425  0.34606  4.8311  14.05 
31.25  113.16  0  0  74.5  0.57647  1  38.66  0.34164  6.65066  19.67 
50.92  111.96  0  0  74.5  0.58557  1  37.46  0.33458  8.88447  27.53 
78.45  108.105  0  0  74.5  0.61868  1  33.605  0.31086  10.8318  38.55 
117  99.48  0  0  74.5  0.7244  1  24.98  0.25111  4.41041  19.5 
136.5  93.27  0  0  74.5  0.8505  1  18.77  0.20124  3.19559  19.5 
156  85.29  0  0  74.5  1.177  1  10.79  0.12651  1.55477  19.28227 
175.5  75.48  0  0.02233  72.9926  2.68138  0.97767  2.48738  0.03295  0.61124  17.26646 
195  62.4  0.17926  0.03349  60.5444  2.82202  0.79325  1.85556  0.02974 Table C.4  The Toraman model results for the potential water saving, for corn. ECi is 0.5 dS/m 
i 
Zreq = 51 mm 
inflow rate, Q = 0.42 L/s 
ETmax = 745 mm/season 
number of irrigations = 15 
actual leaching = 21.1% 
relative yield = 92.6% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 100%  ETmin = 70 mm  Dapp = 918 mm/season 
stored = 72%  C = 2.4 dS/m 
leaching = 28.2%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.745  0  0  74.5  0.57221  1  39.245  0.34503  2.06033  5.973 
5.973  113.715  0  0  74.5  0.57243  1  39.215  0.34485  2.88446  8.357 
14.33  113.82  0  0  74.5  0.57168  1  39.32  0.34546  4.02194  11.71 
26.04  113.13  0  0  74.5  0.57669  1  38.63  0.34147  5.5373  16.39 
42.43  111.9  0  0  74.5  0.58604  1  37.4  0.33423  7.42202  22.95 
65.38  108.375  0  0  74.5  0.61614  1  33.875  0.31257  9.14266  32.12 
97.5  100.23  0  0  74.5  0.71277  1  25.73  0.25671  4.42049  19.3 
116.8  93.285  0  0  74.5  0.85011  1  18.785  0.20137  3.08953  19.6 
136.4  84.075  0  0  74.5  1.26378  1  9.575  0.11389  1.40116  18.7846 
155.9  71.685  0.0417  0.03305  69.5472  2.81643  0.92662  2.13784  0.02982  0.58262  15.6914 
175.5  54.135  0.3017  0.03403  52.5311  2.82876  0.67453  1.60394  0.02963  0.56927  9.6249 
195  28.935  0.67504  0.03794  28.1029  2.87798  0.31264  0.83211  0.02876 Table C.5  The Toraman model results for Hoffman & van Genuchten recommended leaching  fraction of 
for corn. ECi is 2.0 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 47.9% 
inflow rate, Q = 0.36 L/s  number of irrigations = 15  relative yield = 99.7% 
set time = 1440 min  irrigation intervals = 11 days 
ETmin = 70 mm  Dapp = 1572 mm/season infiltration = 93% 
stored =49%  C = 2.4 dS/m 
leaching = 48.4%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted weighted 
(cm)  (dS/m)  (cm)  leaching  RY (m)  (cm) 
0  169.05  0  0  74.5	  1.58205  1  94.55  0.5593  3.33954  5.973 
1.58291  1  94.4  0.55891  4.67082  8.357 5.973  168.9  0  0  74.5 
14.33  168.9  0  0  74.5  1.58291  1  94.4  0.55891  6.53564  11.71 
26.04  168.3  0  0  74.5  1.58638  1  93.8  0.55734  9.10544  16.39 
42.43  166.95  0  0  74.5  1.59434  1  92.45  0.55376  12.5911  22.95 
65.38  163.2  0  0  74.5  1.61762  1  88.7  0.5435  17.0596  32.12 
154.8  0  0  74.5  1.67711  1  80.3  0.51873  9.88191  19.5 97.5 
72.965  0.4948  9.31181  19.5 117  147.465	  0  0  74.5  1.7394  1 
136.5  138.03  0  0  74.5  1.83891  1  63.53  0.46026  8.47199  19.5 
74.5  2.01382  1  51.485  0.40866  7.16209  19.5 156  125.985	  0  0 
0  0  74.5  2.3888  1  36.02  0.32591  5.31716  18.8845 175.5	  110.52
 
195  89.985  0  0.06312  70.2391  3.19537  0.93688  19.7459  0.21944
 Table C.6  The Toraman model results for fully irrigated furrow with the zero leaching at the tail end, 
for corn. ECi is 2.0 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 28.5% 
inflow rate, Q = 0.54 L/s  number of irrigations = 15  relative yield = 97.1% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 87%  ETmin = 70 mm  Dapp = 1181 mm/season 
stored = 65%  C = 2.4 dS/m 
leaching = 25.3%  B = 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted  weighted 
(m)  (cm)	  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.805  0  0  74.5  2.28714  1  39.305  0.34537  2.06213  5.973 
5.973  113.76  0  0  74.5  2.28843  1  39.26  0.34511  2.88879  8.357 
14.33  113.955  0  0  74.5  2.28286  1  39.455  0.34623  4.03972  11.71 
26.04  113.52  0  0  74.5  2.29535  1  39.02  0.34373  5.61086  16.39 
42.43  113.04  0  0  74.5  2.30943  1  38.54  0.34094  7.67519  22.95 
65.38  110.85  0  0  74.5  2.37785  1  36.35  0.32792  10.1598  31.9708 
97.5  106.245  0  0.00929  73.873  2.51705  0.99071  32.3721  0.30469  5.752  19.2222 
117  102.42  0  0.0192  73.2041  2.6419  0.9808  29.2159  0.28526  5.30412  18.9812 
136.5	  97.41  0  0.03401  72.2046  2.82848  0.96599  25.2055  0.25876  4.74043  18.6163 
156  91.485  0  0.05663  70.6775  3.11354  0.94337  20.8075  0.22744  4.05442  18.0465 
175.5	  84.105  0  0.09244  68.26  3.5648  0.90756  15.845  0.1884  3.22907  17.1073 
195  74.865  0  0.15296  64.175  4.32734  0.84704  10.6901  0.14279 TableC.7  The Toraman model results for SCS recommended 100% adequacy at the last quarter of 
the furrow for corn. ECi is 2.0 dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 27.1% 
inflow rate, Q = 0.49 L/s  number of irrigations = 15  relative yield = 95.1% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 93%  ETmin = 70 mm  Dapp = 1071 mm/season 
stored = 71%  C = 2.4 dS/m 
leaching = 23.7%  B= 12 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching  weighted  weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.82  0  0  74.5  2.28671  1  39.32  0.345458  2.474968  7.167 
7.167  113.775  0  0  74.5  2.28799  1  39.275  0.345199  3.467705  10.033 
17.2  113.925  0  0  74.5  2.28371  1  39.425  0.346061  4.831101  14.05 
31.25  113.16  0  0  74.5  2.30588  1  38.66  0.34164  6.650662  19.67 
50.92  111.96  0  0  74.5  2.34228  1  37.46  0.334584  8.926886  27.462063 
78.45  108.105  0  0.00494  74.1669  2.46219  0.99506  33.9381  0.313937  11.24901  37.927533 
117  99.48  0  0.02736  72.6533  2.74472  0.97264  26.8267  0.269669  4.936803  18.755985 
136.5  93.27  0  0.04895  71.1958  3.01678  0.95105  22.0742  0.23667  4.204651  18.184166 
156  85.29  0  0.08601  68.6946  3.48368  0.91399  16.5955  0.194577  3.317225  17.215004 
175.5  75.48  0  0.14835  64.4862  4.26924  0.85165  10.9938  0.145651  2.785229  15.043805 
195  62.4  0.17926  0.1577  53.6632  4.38707  0.69131  8.73682  0.140013 Table C.8  The Toraman model results for Hoffman & van Genuchten recommended leaching fraction of 0.10 
for onions. ECi is 0.5 dS/M 
Zreq = 57 mm  ETmax = 659 mm/season  actual leaching = 23.3% 
inflow rate, Q = 0.70 L/s  number of irrigations = 12  relative yield = 100% 
set time = 720 min  irrigation intervals = 8 days 
infiltration = 71%  C = 1.2 dS/m  Dapp = 1224 mm/season 
stored = 56%  B = 16 
leaching = 21.1% 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  91.08  0  0  65.9  0.67492  1  25.18  0.27646  1.65044  5.973 
5.973  91.044  0  0  65.9  0.67544  1  25.144  0.27617  2.31396  8.357 
14.33  91.224  0  0  65.9  0.67287  1  25.324  0.2776  3.2418  11.71 
26.04  91.032  0  0  65.9  0.67561  1  25.132  0.27608  4.52102  16.39 
42.43  90.972  0  0  65.9  0.67648  1  25.072  0.2756  6.22518  22.95 
65.38  89.892  0  0  65.9  0.69267  1  23.992  0.2669  8.30431  32.12 
1 97.5  87.888  0  0  65.9  0.72636  21.988  0.25018  4.72777  19.5 
117  86.112  0  0  65.9  0.76099  1  20.212  0.23472  4.38501  19.5 
136.5  83.952  0  0  65.9  0.8109  1  18.052  0.21503  3.95736  19.5 
156  81.444  0  0  65.9  0.88337  1  15.544  0.19086  3.42747  19.5 
78.516  0  0  65.9  0.99771  1  12.616  0.16068  2.75795  19.4946 175.5
 
195  75.036  0  0.00055  65.8677  1.20813  0.99945  9.16835  0.12219
 Table C.9	  The Toraman model results for fully irrigated furrow with the zero leaching at the tail end, for onions 
ECi is 0.5 dS/m 
ETmax = 659 mm /season  actual leaching = 21.2% Zreq = 57 mm 
inflow rate, Q = 0.60 Lis  number of irrigations = 12  relative yield = 99.7% 
set time = 720 min  irrigation intervals = 8 days 
C = 1.2 dS/m  Dapp = 1050 mm/season infiltration = 80%
 
stored = 65%  B = 16
 
leaching = 18.8%
 
Distance  AW  water eff.  salt eff.  ET  ECE  Rel Yld  Qdrain  Leaching weighted  weighted 
(cm)  (dS/m)  (cm)  leaching  RY (m)  (cm) 
0  91.02  0  0  65.9  0.67578  1  25.12  0.27598  1.64845  5.973 
5.973  91.02  0  0  65.9  0.67578  1  25.12  0.27598  2.31117  8.357 
14.33  91.164  0  0  65.9  0.67372  1  25.264  0.27713  3.23342  11.71 
26.04  90.912  0  0  65.9  0.67734  1  25.012  0.27512  4.4896  16.39 
42.43  90.612  0  0  65.9  0.68174  1  24.712  0.27272  6.12993  22.95 
65.38  89.232  0  0  65.9  0.70321  1  23.332  0.26148  8.00643  32.12 
97.5  86.376  0  0  65.9  0.75552  1  20.476  0.23706  4.40235  19.5 
117  83.892  0  0  65.9  0.81243  1  17.992  0.21447  3.89333  19.5 
136.5  80.844  0  0  65.9  0.90372  1  14.944  0.18485  3.2277  19.5 
156  77.184  0  0  65.9  1.06562  1  11.284  0.1462  2.42713  19.3993 
175.5  72.768  0  0.01033  65.2918  1.35282  0.98967  7.4762  0.10274  1.60543  18.9593 
195  67.416  0  0.04513  63.2417  1.86797  0.95487  4.17432  0.06192 Table C.10	  The Toraman model results for SCS recommended 100% adequacy at the last quarter of the furrow, 
for onions. ECi is 0.5 dS/m 
ETmax = 659 mm/season	  actual leaching = 19.9% Zreq = 57 mm 
inflow rate, Q = 0.55 L/s  number of irrigations = 12  relative yield = 98.9% 
irrigation intervals = 8 days set time = 720 min 
C = 1.2 dS/m	  Dapp = 961 mm/season infiltration = 86% 
B = 16 stored = 71% 
leaching = 17.4% 
ECE  RelYld  Qdrain  Leaching weighted weighted Distance  AW  water eff.  salt eff.  ET 
(cm)  (dS/m)  (cm)  leaching  RY (m)  (cm) 
0  91.032  0  0  65.9  0.67561  1  25.132  0.27608  1.64845  5.973 
5.973  91.008  0  0  65.9  0.67596  1  25.108  0.27589  2.31077  8.357 
14.33  91.164  0  0  65.9  0.67372  1  25.264  0.27713  3.23006  11.71 
26.04  90.84  0  0  65.9  0.67839  1  24.94  0.27455  4.47541  16.39 
42.43  90.468  0  0  65.9  0.68388  1  24.568  0.27157  6.07427  22.95 
65.38  88.788  0  0  65.9  0.71059  1  22.888  0.25778  7.78499  32.12 
97.5  85.248  0  0  65.9  0.77981  1  19.348  0.22696  4.15652  19.5 
117  82.308  0  0  65.9  0.85629  1  16.408  0.19935  3.50653  19.5 
136.5  78.48  0  0  65.9  0.99939  1  12.58  0.1603  2.6624  19.453 
156  73.956  0  0.00482  65.6159  1.27138  0.99518  8.34008  0.11277  1.76709  19.086 
175.5  68.364  0  0.03764  63.6832  1.75703  0.96236  4.68081  0.06847  1.1764  17.8564 
195  61.392  0.07654  0.0589  58.1881  2.07179  0.86907  3.20393  0.05219 Table C.11  The Toraman model results for Hoffman & van Genuchten recommended leaching fraction of 0.30 
for onions. ECi is 2.0 dS/m 
Zreq = 57 mm  ETmax = 659 mm/season  actual leaching = 47.9%
 
inflow rate, Q = 0.42 L/s  number of irrigations = 12  relative yield = 95.9%
 
set time = 1440 min  irrigation intervals = 8 days
 
infiltration = 84%  C = 1.2 dS/m  Dapp = 1469 mm/season
 
stored = 47%  B = 16
 
leaching = 44%
 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching  weighted weighted 
(m)  (cm)	  (cm)  (dS/m)  (cm)  leaching  RY 
0  135.24  0  0.03107  64.0702  1.65979  0.96893  71.1698  0.52625  3.14211  5.78724 
5.973  135.12  0  0.03113  64.0664  1.66075  0.96887  71.0536  0.52586  4.39622  8.0971 
14.33  135.24  0  0.03107  64.0702  1.65979  0.96893  71.1698  0.52625  6.15546  11.3451 
26.04  134.88  0  0.03126  64.0587  1.66267  0.96874  70.8213  0.52507  8.58641  15.8744 
42.43  134.16  0  0.03166  64.0355  1.6685  0.96834  70.1245  0.52269  11.9124  22.2095 
65.38  132  0  0.03288  63.9634  1.68661  0.96712  68.0366  0.51543  16.284  31.0163 
97.5	  127.2  0  0.03585  63.7887  1.73051  0.96415  63.4113  0.49852  9.57224  18.7734 
117  123.12  0  0.03867  63.6221  1.77237  0.96133  59.4979  0.48325  9.22278  18.7063 
136.5	  117.96  0  0.04274  63.3829  1.83249  0.95726  54.5771  0.46267  8.76001  18.6044 
156  111.672  0  0.04912  63.0067  1.927  0.95088  48.6653  0.43579  8.13471  18.4564 
175.5	  103.896  0  0.05791  62.4891  2.05707  0.94209  41.4069  0.39854  7.26246  18.2261 
195  94.26  0  0.07274  61.6153  2.27662  0.92726  32.6447  0.34633 Table C.12  The Toraman model results for fully irrigated furrow with the zero leaching at the tail end, for onions 
ECi is 2.0 dS/m 
Zreq = 57 mm 
inflow rate, Q = 0.61 L/s 
ETmax = 659 mm/season 
number of irrigations = 12 
actual leaching = 28.5% 
relative yield = 90.0% 
set time = 720 min  irrigation intervals = 8 days 
infiltration = 79%  C = 1.2 dS/m  Dapp = 1067 mm/season 
stored = 64%  B = 16 
leaching = 19.0% 
Distance  AW  water eff  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  91.02  0  0.07967  61.2075  2.3791  0.92033  29.8125  0.32754  1.95638  5.49714 
5.973  91.02  0  0.07967  61.2075  2.3791  0.92033  29.8125  0.32754  2.74083  7.69252 
14.33  91.164  0  0.07936  61.226  2,37446  0.92064  29.938  0.3284  3.83714  10.7777 
26.04  90.924  0  0.07988  61.1951  2.38221  0.92012  29.7289  0.32696  5.3448  15.0756 
42.43  90.636  0  0.08052  61.1576  2.39163  0.91948  29.4784  0.32524  7.37264  21.0675 
65.38  89.316  0  0.08353  60.9799  2.4363  0.91647  28.3361  0.31726  9.91487  29.3255 
97.5  86.544  0  0.09047  60.5715  2.53891  0.90953  25.9725  0.30011  5.70421  17.6705 
117  84.156  0  0.09717  60.1766  2.63813  0.90283  23.9794  0.28494  5.36997  17.5141 
136.5  81.216  0  0.10651  59.6266  2.77634  0.89349  21.5894  0.26583  4.95678  17.2965 
156  77.712  0  0.11949  58.8621  2.96843  0.88051  18.8499  0.24256  4.45469  16.9869 
175.5  73.512  0  0.13827  57.7561  3.24634  0.86173  15.7559  0.21433  3.84884  16.5245 
195  68.412  0  0.16691  56.0689  3.67028  0.83309  12.3431  0.18042 Table C.13  The Toraman Model Results for SCS recommended 100% adequacy at the last quarter of the furrow, 
for onions. ECi is 2.0 dS/m 
Zreq = 57 mm 
inflow rate, Q = 0.55 L/s 
ETmax = 659 mm/season 
number of irrigations = 12 
actual leaching = 27.3% 
relative yield = 88.9% 
set time = 720 min  irrigation intervals = 8 days 
infiltration = 86%  C = 1.2 dS/m  Dapp = 962 mm/season 
stored = 71%  B = 16 
leaching = 17.4% 
Distance  AW  water eff.  salt eff.  ET  ECE  RelYld  Qdrain  Leaching weighted  weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  91.032  0  0.07964  61.209  2.37871  0.92036  29.823  0.32761  1.95638  5.49714 
5.973  91.008  0  0.0797  61.206  2.37949  0.9203  29.802  0.32747  2.74053  7.69241 
14.33  91.164  0  0.07936  61.226  2.37446  0.92064  29.938  0.3284  3.8342  10.7766 
26.04  90.84  0  0.08006  61.1842  2.38495  0.91994  29.6558  0.32646  5.33242  15.071 
42.43  90.468  0  0.08089  61.1356  2.39718  0.91911  29.3324  0.32423  7.32404  21.0488 
65.38  88.788  0  0.08479  60.9059  2.45489  0.91521  27.8821  0.31403  9.73154  29.2484 
97.5  85.248  0  0.09401  60.3625  2.59142  0.90599  24.8855  0.29192  5.50773  17.5802 
117  82.308  0  0.10289  59.8398  2.72277  0.89711  22.4682  0.27298  5.07655  17.3614 
136.5  78.48  0  0.11645  59.0409  2.9235  0.88355  19.4391  0.24769  4.53386  17.0377 
156  73.956  0  0.13609  57.8841  3.21418  0.86391  16.0719  0.21732  3.8749  16.5427 
175.5  68.364  0  0.16722  56.051  3.67479  0.83278  12.313  0.18011  3.3506  15.4614 
195  61.392  0.07654  0.18459  51.3518  3.93192  0.753  10.0402  0.16354 Table C.14  Estimation of fertilization effect on soil salt concentration and resulting yield for corn, ECi is 0.5 dS/ 
Zreq = 51 mm 
inflow rate, Q = 0.49 L/s 
ETmax = 745 mm/season 
number of irrigations = 15 
actual leaching = 24.1% 
relative yield = 98.7% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 93%  ETmin = 70 mm  Dapp = 1071 mm/season 
stored = 71%  C = 2.4 dS/m 
leaching = 23.7%  B = 12 
Distance  AW  water eff.  salt eff.  ET  Fert. cont  ECE  RelYld  Qdrain  Leaching  weighted weighted 
(m)  (cm)  (cm)  (dS/m)  (cm)  leaching  RY 
0  113.82  0  0  74.5  0.12355  0.69523  1  39.32  0.34546  2.47497  7.167 
7.167  113.775  0  0  74.5  0.1236  0.6956  1  39.275  0.3452  3.46771  10.033 
17.2  113.925  0  0  74.5  0.12344  0.69436  1  39.425  0.34606  4.8311  14.05 
31.25  113.16  0  0  74.5  0.12427  0.70074  1  38.66  0.34164  6.65066  19.67 
50.92  111.96  0  0  74.5  0.1256  0.71117  1  37.46  0.33458  8.88447  27.53 
78.45  108.105  0  0  74.5  0.13008  0.74876  1  33.605  0.31086  10.8318  38.55 
117  99.48  0  0  74.5  0.14136  0.86576  1  24.98  0.25111  4.41041  19.5 
136.5  93.27  0  0  74.5  0.15077  1.00127  1  18.77  0.20124  3.19559  19.5 
156  85.29  0  0  74.5  0.16488  1.34188  1  10.79  0.12651  1.58812  19.245 
175.5  75.48  0  0.02616  72.7345  0.18631  2.72957  0.97384  2.74554  0.03637  0.68251  17.1941 
195  62.4  0.17926  0.03788  60.3017  0.22536  2.87723  0.78966  2.09828  0.03363 Table C.15  Estimation of fertilization effect on soil salt concentration and resulting yield foronions, ECi is 0.5 dS/m 
ETmax = 659 mm/season  actual leaching = 20.0% Zreq = 57 mm 
inflow rate, Q = 0.55 L/s  number of irrigations = 12  relative yield = 98.7% 
set time = 720 min  irrigation intervals = 8 days 
infiltration = 86%  C= 1.2 dS/m  Dapp = 962 mm/season 
stored = 71%  B = 16 
leaching = 17.4% 
.	  weighted Distance  AW  water eff  salt eff.  ET  Fert. con  ECE  RelYld  Qdrain  Leaching weighted 
(m)  (cm)	  (cm)  (dS/m)  (cm)  leaching  RY 
0  91.032  0  0  65.9  0.15448  0.83009  1  25.132  0.27608  1.64845  5.973 
5.973  91.008  0  0  65.9  0.15452  0.83048  1  25.108  0.27589  2.31077  8.357 
65.9  0.15426  0.82798  1  25.264  0.27713  3.23006  11.71 14.33  91.164  0  0 
26.04  90.84  0  0  65.9  0.15481  0.8332  1  24.94  0.27455  4.47541  16.39 
42.43  90.468  0  0  65.9  0.15544  0.83932  1  24.568  0.27157  6.07427  22.95 
65.38  88.788  0  0  65.9  0.15838  0.86898  1  22.888  0.25778  7.78499  32.12 
97.5  85.248  0  0  65.9  0.16496  0.94477  1  19.348  0.22696  4.15652  19.5 
117  82.308  0  0  65.9  0.17085  1.02714  1  16.408  0.19935  3.50653  19.5 
136.5	  78.48  0  0  65.9  0.17919  1.17858  1  12.58  0.1603  2.72679  19.3721 
156  73.956  0  0.01312  65.1275  0.19015  1.40723  0.98688  8.82852  0.11938  1.88016  18.9487 
175.5	  68.364  0  0.04343  63.3419  0.2057  1.88622  0.95657  5.02211  0.07346  1.26645  17.7568 
195  61.392  0.07654  0.06369  57.9276  0.22906  2.20636  0.86465  3.46441  0.05643 Table C.16  Estimation of fertilization effect on soil salt concentration and resulting yield for corn, ECi is 2.0  dS/m 
Zreq = 51 mm  ETmax = 745 mm/season  actual leaching = 27.5% 
inflow rate, Q = 0.49 L/s  number of irrigations = 15  relative yield = 94.6% 
set time = 720 min  irrigation intervals = 11 days 
infiltration = 93%  ETmin = 70 mm  Dapp = 1071 mm/season 
stored = 71%  C = 2.4 dS/m 
leaching = 23.7%	  B = 12 
Distance  AW  water eff  salt eff.  ET  Fert. con  .  ECE  RelYld  Qdrain  Leaching weighted weighted 
(cm)  (dS/m)  (cm)  leaching  RY (m)  (cm) 
0  113.82  0  0.00104  74.4298  0.12355  2.4131  0.99896  39.3902  0.34607  2.47957  7.15924 
7.167  113.775  0  0.00113  74.4241  0.1236  2.41418  0.99887	  39.351  0.34587  3.47356  10.0231 
17.2  113.925  0  0.00084  74.4432  0.12344  2.41061  0.99916  39.4818  0.34656  4.84425  14.0279 
31.25  113.16  0  0.0023  74.3447  0.12427  2.429  0.9977	  38.8154  0.34301  6.69182  19.6015 
50.92  111.96  0  0.00466  74.1852  0.1256  2.45877  0.99534	  37.7748  0.3374  9.03074  27.2935 
78.45	  108.105  0  0.01252  73.6552  0.13008  2.5577  0.98748  34.4498  0.31867  11.4457  37.626 
117  99.48  0  0.03542  72.109  0.14136  2.84632  0.96458  27.371  0.27514  5.04603  18.6001 
136.5	  93.27  0  0.05687  70.6612  0.15077  3.11657  0.94313  22.6088  0.2424  4.3172  18.0353 
156  85.29  0  0.09335  68.1989  0.16488  3.57621  0.90665  17.0911  0.20039  3.4283  17.0826 
175.5	  75.48  0  0.15459  64.065  0.18631  4.34787  0.84541  11.415  0.15123  2.90328  14.9241 
9.1441  0.14654 195  62.4  0.04794  0.16506  53.2559  0.22536  4.47971  0.68527 Estimation of fertilization effect on soil salt concentration and resulting yield for onions, ECi is 2.0 dS/m
Table C.17 
actual leaching = 27.5% ETmax = 659 mm/season Zreq = 57 mm 
relative yield = 88.6% number of irrigations = 12 inflow rate, Q = 0.55 L/s 
irrigation intervals = 8 days set time = 720 min 
Dapp = 962 mm/season infiltration = 86%	  C = 1.2 dS/m 
B = 16 stored = 71% 
leaching = 17.4% 
Leaching weighted weighted AW  water eff  salt eff.  ET  Fert. coni .  ECE  RelYld  Qdrain Distance 
leaching  RY (dS/m)  (cm) (m)  (cm)	  (cm) 
1.96961  5.4767 91.032  0  0.08307  61.0074  0.15448  2.51244  0.91693  30.0246	  0.32982 0 
5.973	  91.008  0  0.08312  61.0045  0.15452  2.51322  0.91689  30.0035  0.32968  2.75906  7.66375 
30.1406  0.33062  3.86011  10.7366
14.33	  91.164  0  0.08279  61.0234  0.15426  2.50816  0.91721 
5.37104  15.0115
26.04	  90.84  0  0.08346  60.9841  0.15481  2.51871  0.91654  29.8559  0.32867 
29.5595  0.32674  7.38142  20.9615
42.43	  90.468  0  0.08475  60.9085  0.15544  2.53897  0.91526 
9.81043  29.1318
65.38	  88.788  0  0.08855  60.6847  0.15838  2.59902  0.91145  28.1033  0.31652 
17.5143 0  0.09752  60.1561  0.16496  2.74081  0.90248  25.0919  0.29434  5.55401 97.5	  85.248 
117  82.308  0  0.10614  59.6485  0.17085  2.87699  0.89386  22.6596  0.2753  5.12003  17.302 
136.5	  78.48  0  0.1193  58.8734  0.17919  3.0849  0.8807  19.6066  0.24983  4.57224  16.9879 
16.5068 0  0.13836  57.7509  0.19015  3.38601  0.86164  16.2051  0.21912  3.90445 156  73.956 
175.5  68.364  0  0.16864  55.967  0.2057  3.86454  0.83136  12.397  0.18134	  3.37606  15.4335 
10.125  0.16492 195  61.392  0.07654  0.18615  51.267  0.22906  4.14116  0.75156 